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Abstract 
The use of pulsed eddy currents for the purpose of materials characterization and 
inspection is studied. Pulsed, or transient, eddy-current signals consist of a spectrum 
of frequencies and therefore contain far more information about a specific test piece 
than could be gained from a single-frequency excitation. Pulse excitation has been 
used in conjunction with a Hall sensor to measure the perturbed magnetic field. The 
method is very versatile and is especially convenient for measurements on samples 
containing subsurface flaws. 
Hardware has been developed to generate the pulse excitation signals and record 
the response of the Hall-device probe, or, in the case of induction coils, the induced 
electromotive force (emf). The hardware is under the control of a computer which 
allows experimental parameters to be varied and the transient signals to be recorded 
and processed. A number of different probes have been constructed; Hall-device, 
absolute induction and differential induction. A method of accurately characterizing 
new probes is discussed. 
The pulse response of some thick and then some layered plates is obtained using 
a Hall-device probe. The results are compared with theory and found to be in good 
agreement. A parametric inversion scheme is introduced to calculate sample and 
probe parameters from the pulse measurements. In addition, differential-induct ion 
measurements have been made on some case-hardened steel and pack-aluminized 
nickel samples in order to quantify the extent of the treatments. Measurements have 
been made using a Hall-device probe at various positions above a subsurface slot in an 
otherwise homogeneous aluminium plate. The results compare well with theoretical 
predictions. Finially, the use of ferrite to improve the sensitivity of eddy-current 
probes is investigated using alternating-current (AC) measurements. 
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Chapter I 
Introduction 
1.1 Nondestructive evaluation (NDE) 
Nondestructive evaluation (NDE) plays a vital role in a number of industries par- 
ticularly where in-service failure of a certain component can lead to a potentially 
dangerous situation. A good example of the use of NDE is found in the aerospace 
industry where airframes are routinely inspected for defects such as cracks and corro- 
sion. If a crack is discovered it may be necessary to repair or replace the component. 
Although the maintenance of airworthiness and airframe integrity is of the highest 
importance, the effective use of NDE can reduce life-cycle costs by minimizing the 
time and hence the cost of inspection. In addition to in-service inspection, where 
fatigue cracks or corrosion may be identified, new components can be inspected as 
part of a quality control process. Inclusions, discontinuities and residual stress can 
lead to the growth of a fatigue crack in later life. The detection of such flaws prior 
to installation will improve reliability and reduce maintenance costs. 
For the inspection of metallic components, there are a number of NDE methods 
commonly in use, these being visual, ultrasound, radiography, magnet ic- particle, dye- 
penetrant and eddy-current[l]. None of these methods can be described as superior to 
another, they all have advantages and disadvantages. Often, a more complete picture 
of the component under inspection may be obtained by using a combination of NDE 
techniques. The most obvious and common of these methods is visual inspection 
either by using the naked eye or with the aid of an optical microscope. The visual 
method is not suitable for subsurface defects or for small surface defects and requires 
the inspector to be competent, patient and reliable. 
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Ultrasonic inspection is used to detect a wide variety of flaws which may be buried 
deep below the surface of the component under investigation. Transmission methods 
can be used to measure the attenuation of the ultrasonic waves as they pass through 
the component. Pulse-echo ultrasound involves measuring the amplitude and time of 
flight of reflected ultrasonic pulses to give an indication of the size and position of 
a defect. There are, however, a number of disadvantages with ultrasonic inspection. 
Firstly, the transducer must, in general, be well coupled to the specimen or most of 
the incident ultrasonic wave will be reflected straight back. Secondly, the technique 
is unsuitable for laminated or layered structures, again this is due to large reflections 
at the layer interfaces. Thirdly, meaningful interpretation of the reflected signals is 
difficult and requires careful consideration of the probe-sample-flaw geometry. 
X- and -y-ray transmission techniques provide high spatial resolution in two di- 
mensions and can be very sensitive to flaws deep within the sample. However, X- and 
-y-rays are inherently dangerous and the equipment used is generally bulky. Energy 
levels must be chosen carefully in order that scattering effects, which would otherwise 
reduce image contrast, are minimized. In addition, access is required to both sides of 
a component, something which is often difficult with in-service inspection. 
M agnetic- particle inspection (MPI) may be used on ferromagnetic materials. The 
component is first magnetized and then a fine iron-compound powder is dusted over 
the surface. Both surface and subsurface defects in the component cause local dis- 
ruptions to the magnetic field around which the iron-compound powder accumulates. 
The concepts underlying MPI are simple, but it is a nonquantitative technique, can 
be unreliable and requires a high level of operator skill. 
Another common technique is that of dye-penetrant inspection which is sensitive 
to surface- breaking defects. A film of penetrating liquid is coated onto the component 
and allowed to ingress into any cracks or indentations over time. The excess film 
is then removed and a developer applied to the surface. The developer draws the 
penetrant out of any flaws causing local discolorations. Often a dye or fluorescent 
compound is added to the penetrant as an aid to detection. The whole process is 
somewhat messy and can be unreliable if not carried out with care. 
Eddy-current techniques can be used for detecting surface or moderately deep 
subsurface defects. Eddy currents are induced into a component using a coil energised 
with a time-varying (normally sinusoidal) current. The way in which the eddy currents 
flow is influenced by the conductivity of the component, its geometry and the presence 
2 
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of flaws. The eddy currents produce a secondary electromagnetic field which adds 
vectorially to the source field. Changes in the magnetic field due to eddy-current 
interactions with a defect are measured using a sensor. 
Most practical eddy-current testing does not provide a direct measure of the size or 
severity of flaws. However, sometimes a comparison of the eddy-current signals with 
those obtained from calibration blocks is carried out. Simple signal level thresholding 
is then used to gain an estimate of the flaw size. This empirical technique can be 
unreliable as genuine flaws are often very different from those of the calibration block. 
While the comparative methods go some way to providing quantitative information, 
some of the work described in this thesis aims to show how true quantitative inspection 
is possible with some simple flaw-component geometries. The physics behind the 
interaction of an electromagnetic field with a flaw is well understood and solutions 
are available for some simple geometries. Using these solutions it should be possible 
to create inspection systems that can size, shape and even image flaws in components. 
1.2 Time-harmonic, eddy-current NDE 
In traditional eddy-current NDE, the time-varying coil current is sinusoidal in form. 
Perturbations in the magnetic field due to the eddy currents are generally detected 
by monitoring changes in the coil impedance or by measuring the induced emf (elec- 
tromotive force) across a secondary or pick-up coil[2]. The operating frequency is 
selected to maximize sensitivity and depends on a number of factors including, for 
example in the case of subsurface defects, the expected depth of the flaws below the 
surface of the conductor. It is not uncommon for eddy-current systems to use two 
or more frequencies. Using multiple frequencies allows a greater range of flaws to be 
detected and also provides more information, albeit more difficult to interpret, about 
the size and shape of a particular flaw. 
A class of instruments in common use for time-harmonic, eddy-current NDE are 
the impedance-plane display devices such as the Rohmann Elotest 131. The voltage 
across the eddy-current coil is split into its resistive and reactive components and 
displayed as an x-y plot on an oscilloscope screen. The advantage of this type of 
display is that the phase of the signal is easily identified. Phase information plays an 
important role in discriminating between different types of flaws. Images similar to a 
Lissajous figure are displayed as the coil is moved over a flaw. This type of instrument 
3 
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requires a high level of operator skill to interpret the test signals. 
Some of the first theoretical work on eddy-current NDE problems was carried out 
by F6rster[3] and F6rster and Stambke[4] who considered a coil above a conducting 
plane and a coil encircling an infinite rod. F6rster simplified the conducting plane 
problem by treating the coil as a magnetic dipole at a large distance from the surface 
of the conductor[5]. In actual fact, the coil is normally placed very close to the 
sample surface, in which case the dipole approximation gives poor agreement with 
experiment. 
The magnetic field due to a single, circular, delta-function coil above a half-space 
conductor was derived by Wait[6] and later by Hammond[7]. Cheng[8] calculated 
the impedance change for a similar delta-function coil above a half-space conductor 
and discussed an extension of the theory to deal with layered media. The principal 
of superposition was applied by Dodd and Deeds[9] to calculate the field due to an 
arbitrary coil of rectangular cross section in the presence of special-case layered con- 
ductors. A more general method was later developed by Cheng, Dodd and Deeds[10] 
to predict the interaction between a coil and conductors with an arbitrary number of 
layers. The Dodd and Deeds formulation for a coil over a conducting half-space has 
been used extensively in this work for the purpose of coil characterization. The theory 
also provides a starting point for the analysis of pulsed eddy currents. Burrows[Ill 
has calculated the impedance change expected in a coil due to the presence of a 
number of spherical and spheroidal flaws in an otherwise homogeneous media. More 
recently the impedance change to due a number of ideal cracks has been studied by 
Bowler[12]. 
The performance of eddy-current probes may be improved with the use of ferrite. 
In particular, ferrite cores can greatly improve sensitivity. When calculating the 
incident field due to a'ferrite probe the magnetization of the ferrite must be accounted 
for. Unfortunately, this makes modelling much more complicated. Work has been 
carried out by Sabbagh[13] and Bowler, Sabbagh and Sabbagh[141 on the interaction 
of ferrite probes with ideal cracks. 
When performing time-harmonic, eddy-current measurements, only the amplitude 
and phase of the test signal are recorded. This is often a limiting factor, especially if 
more than two pieces of information are required from a sample. For example, one 
may want to make measurements on a crack in a plate. It is conceivable that three 
quantities such as plate conductivity, thickness and crack depth are required from the 
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measurements. These cannot all be determined at a single frequency. Of course one 
could always switch to a different frequency or use a multifrequency, eddy-current 
instrument. Unfortunately, this normally sacrifices either measurement speed, equip- 
ment cost or portability. Pulsed eddy currents, on the other hand, have the ability 
to provide far more information without any of the aforementioned disadvantages. 
1.3 Pulsed eddy currents 
In conventional eddy-current NDE, an electromagnetic field is excited by a coil driven 
with a time-harmonic current. Additional information may be obtained by switch- 
ing to different frequencies. Deeds and Dodd[151 have shown that by using multiple 
frequencies, unwanted variables such as liftoff may be eliminated and additional sam- 
ple parameters may be inferred from the measurements. Pulsed eddy currents are 
excited by means of a pulsed coil voltage or current. Perturbations to the magnetic 
field due to the presence of conductors can be monitored by observing the induced 
emf across the coil. Alternatively, the field perturbations may be detected by means 
of a separate sensor such as a pick-up coil or Hall device. 
Pulsed eddy-current excitation has the advantage that the resulting source field 
consists of a spectrum of frequencies. Time-harmonic excitation yields merely ampli- 
tude and phase information for the selected frequency. A pulsed signal can consist of 
many hundreds of data points in the time domain. The data set is more complicated 
but contains far more information about the conducting test piece under investigation 
than a single-frequency excitation provides. See Martin and Francis[16] or Crostack, 
Jahnel, Kohn and Polaud[17], for example. The pulsed signal will contain surface 
information early on in time. As time progresses, the signal will contain information 
from deeper within the sample. For example, the signals due to a half-space and a 
plate of the same conductivity are similar up to a certain point in time when the 
effects of the reflection from the back surface of the plate begin to be observed. 
Some of the simplest and earliest uses of pulsed eddy currents involved the noncon- 
tact measurement of resistivity of metallic samples by the eddy-current decay method. 
A technique was described by Bean, DeBlois and Nesbitt[18] in 1959 that involved 
placing samples, in the form of bars, in a DC magnetic field using encircling coils. The 
field was then rapidly reduced to zero and the decay rate of the flux measured. The 
technique was sensitive to samples having resistivities between 10-11 and 10' Qcm 
rl 11 
Chapter I Introduction 
with an accuracy of better than 3%. A similar but more refined method was later 
described by LePage, Bernalte, and Lindholm[19] where earlier experimental difficul- 
ties were addressed. LePage et al. also developed some empirical methods for dealing 
with nonideal samples such as rods of a finite length. Much later, normal coils were 
used by Sapunov, Beda and Polyakov[20]. A number of features were extracted from 
the pulse signals in an attempt to minimize the effect of probe liftoff on the resistivity 
measurements. This was successful to within certain limits. 
One-dimensional pulsed eddy-current problems have always been of great interest 
due to their application to the measurement of coatings. Measurements of the pulse 
response of some simple layered conductors were carried out in 1955 and later in 1956 
by Waidelich[21][22]. A pulse shape, similar to that of a sinusoidal half-period wave, 
was used to drive the coil. A balancing circuit was used to eliminate most of the 
unwanted reflected signal. A simple model assuming a plane incident wave with zero 
rise time was used to estimate an optimum pulse width for the system. In 1958, Myers 
and Waidelich[23] made improvements to earlier instrumentation. An output voltage 
was provided that gave a direct measure of the plating thickness. Previous designs 
required an oscilloscope display to be read; at one stage, optical sensors were even 
attached to the oscilloscope display in an attempt to make measurements easier. In 
1964/65 a double-pulse system was described by Renken[24][25] that eliminated the 
need for a sensitive balancing circuit. Short and long duration pulses were used, with 
information from the short pulses consisting almost entirely of surface information 
and that from the long pulses consisting of both surface and subsurface information. 
Simple time gating was then used to eliminate surface reflection information from the 
long duration pulse, leaving a signal due mainly to the subsurface material properties. 
Renken and Selner[26] later went on to investigate the use of conducting masks to 
greatly improve the spatial resolution of the probes and reduce their sensitivity to 
stray fields. The pulse shape and duration was made variable in order to maximize 
sensitivity to particular problems. The work was motivated by the need for inspection 
of refractory metal tubing such as that used in nuclear power plants at the time. In 
1967, Waidleich[27] carried out some further work on conducting masks with pulsed 
eddy currents in an attempt to understand the effects of the mask. A model was 
developed that allowed the current density within a conducting sample to be evaluated 
as a function of time and position. No comparisons with experiment were made. A 
general overview of early pulsed eddy-current research is given by Waidelich[28]. 
In 1975, Morris[29] described a technique for measuring defect depth based on 
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Figure 1.1: A typical eddy-current signal in which the zero-crossing point is used as 
a measure of defect depth. The signal is derived by subtracting the pulse response of 
the probe over an unflawed region from that over a flawed region. 
the zero-crossing point of pulsed eddy-current signals, Figure I. I. The empirical 
technique was found to be well suited to one-dimensional problems such as measuring 
the corrosion-induced metal loss between plates. Measurements were found to be 
virtually insensitive to defect volume and probe liftoff. Zero crossing was again used 
by Wittig and Thomas[30] for the detection of deep flaws in austenitic steel test blocks. 
Once again, excitation took the form of a half-period sinusoid. Later, a computer 
was added to the system to aid signal interpretation [3 1 ]. The technique was used 
successfully to measure the depth of flat-bottomed holes in an aluminium sheet from 
measurements made on the opposite side of the sheet. Doherty, Beissner and Jolly[321 
performed some pulsed eddy-current experiments on notches in a titanium plate using 
a shielded probe. The zero-crossing point was used as a measure of the flaw depth. 
Attempts to model the coil field in air were quite successful, but, assumptions made 
in the flaw model meant that agreement with experiment was poor. 
Clearly it is useful to model the pulsed eddy-current phenomena in order to op- 
timize inspection techniques. Early models made simplifying assumptions about the 
form of the incident field. Extensions were later made to cover filamentary coils and 
then real, axisymmetric coils. In 1953, NTallese[33] investigated the penetration of a 
pulsed, plane-wave field into a conductor. Vallese was able to calculate the equiv- 
alent depth of penetration, based on the induced current density, for a magnetic 
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field applied abruptly to the conductor surface and held constant. Later, in 1959, 
Grumet[34] performed a similar analysis for an abruptly applied incident plane wave. 
The formulation allowed the calculation of the electric field both inside and outside 
the conductor. The analysis was carried out both with and without a displacement- 
current term. It was found that under the time scale and geometric conditions of 
standard eddy-current problems, the displacement current could safely be neglected. 
In 1965, Kadochnikov[35] was able to approximate the field in a conducting plate 
due to a uniform incident field changing arbitrarily with time. Using the principal of 
superposition, the problem was reduced to one in which the field was given by the com- 
bination of a stepwise and a linear function of time. Later, Nikolaenko[36] described 
how transient eddy-current problems could be solved using known, frequency-domain 
solutions and the inverse Laplace transform. The technique was demonstrated for a 
plane-wave rapidly applied to a thick conducting plate and for a longitudinal field, 
generated using encircling coils, applied to a long bar. In 1969, Waidelich[37] de- 
scribed the magnetic field in a conducting sheet for an impulse incident field. The 
form of the impressed field closely resembled that expected of a masked probe. Mea- 
surements and predictions were made and compared for the field on the opposite 
side of the plate and showed reasonable agreement. Similar work was carried out by 
Chan[38][39] who calculated expressions for the field due to symmetric and asymmet- 
ric impressed fields. These were solved numerically for the asymmetric cases where 
the field was applied to the surface of and then above a semi-infinite conductor. A 
unit impulse and unit step field, decaying exponentially in a radial direction on the 
surface of the conductor, was assumed. Only solutions inside the conductor were 
given making experimental verification virtually impossible. 
The field of geophysical surveying presents similar problems to those encountered 
in eddy-current testing. In geophysics, the interaction of electromagnetic fields with 
the earth is studied. In this context, Wait[40] shows the interaction of a filamentary 
coil, excited by an instantaneous step current, with a flat, homogeneous ground. 
Following Wait, the same solution was considered by Shkarlet and Lokshina[41]. In 
1990, Ludwig and Dai[42] described a finite element model (FEM) for calculating the 
magnetic vector potential and current density within a conducting half-space. The 
source consisted of a filamentary loop suspended above the surface of the half-space 
with a unit step current as the excitation. Results were compared with an analytical 
model based on the inverse Laplace transform and were found to agree well. Later, 
the work was extended to cover the more realistic case where excitation was due to 
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an axisymmetric coil[43]. The induced current density was studied as a function of 
conductivity, permeability and coil liftoff. 
Over the past ten years, a number of others have proposed FEMs for solving pulsed 
eddy-current problems. Allen, Ida and Lord[44] describe two models, one based on 
the summation of steady state solutions. The other is a transient time stepping so- 
lution. Excitation took the form of a controlled, square-wave current source. There 
were problems with the steady state summation approach due to the need for mesh 
discretization to change with frequency. However, good agreement with experiment 
was obtained with the time stepping method. Davey and Turner[45] discuss another 
frequency-domain summation approach using the fast Fourier transform. The signif- 
icant processing overhead that the approach normally entails was reduced by the use 
of the surface impedance method[46]. A cylinder was modelled by representing it as 
a set of connecting slabs and results were found to be in good agreement with an ana- 
lYtical model. There are many other publications on finite element techniques applied 
to pulsed eddy-current problems but many of them are aimed at specific problems 
rather than NDE in general. 
Some recent FEM work worthy of mention has been carried out by Patel and 
Rodger[47]. A coil was excited using a controlled ramp current and the induced emf 
measured with the coil over a slotted and unslotted plate. The frequency spectrum 
was obtained and compared with model predictions. Good agreement was obtained. 
The coil current entered into the model could take any arbitrary form, but had to be 
periodic. The technique offers a powerful tool for optimization by allowing coil and 
excitation parameters to be varied freely. 
One of the main problems with the finite element approach is that it is computa- 
tionally burdensome. This makes it particularly unsuitable for inversion which is the 
process by which the size and shape of a flaw can be reconstructed from experimental 
measurements. Inversion can be achieved by producing multiple sets of predictions 
while varying the parameters entered into a model. The flaw is said to have been 
reconstructed when predictions and experimental measurements agree to within cer- 
tain limits. While the FEMs may be satisfactory for one-off problems they are totally 
unacceptable when one is trying to perform inversion where numerous sets of pre- 
dictions are required. Even for more mundane tasks, for instance, when modelling a 
probe-flaw interaction for the purpose of optimization, the finite element method will 
often prove burdensome. For these reasons, the review of finite element publications 
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has been kept to a minimum here. 
In 1992, Mook[48] investigated a method for measuring surface-treatment depth 
that was largely independent of the bulk material properties. Changes in bulk prop- 
erties occur due to variations in the smelting charge and have plagued attempts to 
measure the depth of treatments resulting from processes such as case hardening. 
Rather than looking at features in the time-domain signals, the normalized power 
spectrum density was studied. Features at the high-frequency end of the spectrum 
were found to show reasonable invariance to smelt charge properties. The controlled 
signals technique was investigated by, among others, Nehring and Crostack[49] and 
Crostack, Jahnel, Kohn and Polaud[17]. A mixture of frequencies was modulated 
with an envelope function tailing to zero at its start and end points such that only a 
few cycles of the dominating frequency remained. The size and shape of the envelope 
function, along with the frequencies making up the carrier, were varied to gain an 
optimum spectral distribution for the particular test problem. Using this technique, 
an empirical method for measuring the depth of bore holes in an aluminium plate 
was developed. While powerful, the system lacked the simplicity associated with true 
pulsed eddy-current techniques. 
In 1994, Mook[50] employed the method of pseudo-random binary sequences 
(PRBS) to sort various grades of steel that had undergone differing amounts of heat 
treatment. A PRBS exhibits properties similar to those of noise, i. e. it will have a 
very broad spectrum. The main advantage of a PRBS system lies in the simplicity of 
the hardware; the driving sequence consists of only two voltage levels. Interpretation 
of the signals is carried out in Fourier space where a cross correlation is carried out 
with some reference spectrum. 
In 1990, Bowler[51] derived an analytical expression for the response of a probe 
over a conducting half-space. Excitation was of the form of a unit step current. The 
expression, given in the frequency domain, could be transformed into the time domain 
numerically using the fast Fourier transform. Later, Bowler and Harrison[521 revised 
the theory for use with a Hall probe over stratified samples. The experimental results 
were compared with theory and found to be in good agreement. Harrison [53] [541 has 
used Hall probes with a carefully controlled coil current of the form 
I(t) = 10(l - e-'I'O)U(t)l (1.1) 
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where 
0 when t<0 
1 when t>0. 
Here, To is the time constant and u(t) a unit step function. Qualitative false colour 
maps were generated from measurements made on real aircraft structures. It was 
shown that by using the method of moments, areas of corrosion between plates could 
easily be identified. In 1995, Lebrun, Jayet and Baboux[55] used square-wave excita- 
tion and a magneto-resistive sensor for the purpose of crack detection. The technique 
showed improved sensitivity to deep cracks when compared with induction coil mea- 
surements and was able to reliably detect a defect of dimensions 3 mm x4 mm at a 
depth of 20 mm. 
A model-based inversion scheme for induction coil measurements was implemented 
in 1992 by Moulder, Uzal and Rose[56] and then later by Baltzersen[57]. Parameters 
such as plate thickness, conductivity and probe liftoff could be obtained from the 
induction measurements. In 1994, Rose, Uzal and Moulder[58] and then in 1995, 
Moulder, Kubovich, Uzal and Rose[591 made some pulse-induction measurements 
on simulated corrosion specimens. The samples consisted of contacting aluminium 
plates. Material was milled from one or both of the plates to simulate corrosion. Re- 
sults, plotted as the peak signal versus the zero-crossing point, showed the ability to 
measure the extent of corrosion and to discriminate between material loss and plate 
separation. Tai, Rose and Moulder[60] reported on the measurement and calculation 
of pulsed eddy-current signals from layered conductors. The geometry was that of 
a thin layer over a thick (half-space) substrate. Using look-up tables, an inversion 
scheme was implemented for layer thickness and conductivity. Substrate conductiv- 
ity was assumed known. Very thin layers were measured successfully, for example, 
12.5 ym of aluminium on stainless steel. 
There are a few pulsed eddy-current systems on the market, generally aimed at 
specialist applications. Staveley Instruments' produce the Nortec 30 Eddyscan TM 
which is aimed at detecting cracks in fastener holes, with or without the fastener in 
place. The instrument employs a probe having a rotating Hall device and a single 
excitation coil. Signals from the Hall device may be used to centre the probe about 
a fastener. Once the probe has been centred it is possible to detect cracks in the 
fastener hole. Time gating is used to approximate the crack depth. It is claimed 
'A subsidiary of Staveley NDT Technologies, Suite 205, Sunbeam Studios, Sunbeam Street, 
Wolverhampton, WV2 4NU. 
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that the system can detect flaws that are 50% smaller than those detectable with 
traditional instruments. The system is sensitive to cracks that are one half of an 
inch below the surface of ferrous materials. Another pulsed eddy-current instrument, 
aimed at pipe-wall thickness measurements, is produced by RTD'. The system, known 
as INCOTEST TM, 3 , 
looks at the eddy-current decay time along with other features 
of the signal. Much of the development work has gone into dealing with the nonideal 
conditions found in real industrial applications. For instance, pipes may be clad with 
aluminium, steel or even chicken wire as a reinforcement. They may be hot, cold, 
wet or encrusted. Measurements of thicknesses of up to 40 mm may be made with a 
cladding thickness of up to 75 mm. However, the pipe must have a minimum diameter 
of 100 mm. 
A research instrument known as TRECSCAN' has been developed at the Defence 
Research Agency. The system uses a controlled current source for the coil excitation 
and a Hall device to monitor the perturbed magnetic field. The probe is attached to an 
arm that continually monitors its position in three-dimensions so that measurements 
may be made on curved surfaces. Time gating is used to build up a false colour map 
of a sample, the position of the gate may be varied to eliminate unwanted information 
such as reflections from surface features. It is possible to identify areas of corrosion 
around fasteners, where there are multiple layers or where the overall thickness is 
changing. 
Another system aimed at corrosion detection is being developed at Ames Labo- 
ratory, Iowa State University. The system employs a voltage-drive circuit and makes 
pulse-induction measurements. It is understood that the unit has been successfully 
used in trials. 
1.4 Programme outline and objectives 
This thesis details the use of pulsed eddy currents for materials characterization and 
flaw detection. Most previous pulsed eddy-current systems employed voltage-drive 
circuits to energise the induction coil. The main disadvantage with this approach is 
2R6ntgen Technische Dienst bv, Delftweg 144, P. 0. Box 10065,3004 AB Rotterdam, The 
Netherlands. 
3 INCOTEST is an acronym for INsulated COmponent TEST. 
4 The "TRECSCAN" (Transient Eddy Current Scanner) was developed by Dr. D. J. Harrison, 
Structural Materials Centre, Defence Research Agency, Farnborough, Hants. 
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that the coil voltage is very sensitive to changes in the resistance of the windings due 
to temperature variations. Unfortunately, this change in resistance can be large and is 
particularly noticeable when the coil is moved from free-space onto a conductor due to 
cooling. One could attempt to compensate for these resistance changes, but, a more 
elegant solution is available in the form of a current-drive circuit. Using a current- 
drive circuit, variations in the coil parameters are compensated for automatically. 
The coil field is proportional to the coil current and hence repeatable and insensitive 
to environmental changes. The form of the coil current can be accurately controlled 
by adjusting the input to the current-drive circuit. In previous work it was rare to 
have such fine control over the incident field, instead, simplifying assumptions were 
made about its nature, but these often proved inadequate. Analytical modelling 
will be possible when the coil current has a precise and mathematically simple form. 
Chapter 2 describes the current drive circuit along with the form of the excitation 
and its associated advantages. 
Detection of the eddy-current signals has traditionally been carried out using in- 
duction probes. While this is fine for many applications, induction coils are inherently 
insensitive at lower frequencies since they measure the rate of change of the magnetic 
field. In this study Hall sensors have been used to monitor the magnetic field directly. 
Unlike induction coils, the sensitivity of a Hall device is constant right down to DC. A 
Hall device should therefore have improved sensitivity to defects deep within a sample 
where lower frequency components dominate. Details of the Hall probe design are 
given in Chapter 2, along with a description of the electronic hardware necessary to 
generate the prescribed coil current and record changes in the magnetic field. Also 
given in Chapter 2 are details of the signal processing and calibration procedures car- 
ried out by the data acquisition system. In order that the pulsed eddy-current system 
be versatile and easy to use most aspects of its operation are under computer control. 
This approach allows measurement parameters to be varied quickly and easily to suit 
the particular problem in hand. 
A number of people have attempted comparisons of theory and experiment for 
pulsed eddy-current measurements. Besides the problems mentioned above, there 
are other factors that can hinder good agreement. Perhaps the biggest difficulty is 
obtaining a well characterized probe. Although probe parameters can be measured, 
some of these measurements can be difficult in practice. In addition, measurements 
of the physical dimensions of the coil will be in error due to the finite diameter of the 
wire used in the windings, and alignment imperfections. In Chapter 3a method for 
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accurately characterizing probes is described based on a frequency-domain, half-space 
formulation by Dodd and Deeds. 
The theory of the pulsed eddy-current response of a half-space conductor is pre- 
sented in Chapter I Experimental results for the transient response of thick con- 
ductors are obtained and compared with theory. A parametric inversion scheme that 
enables sample parameters and probe liftoff to be calculated from the pulse signals 
is described. Layered conductors have been studied in Chapter 4. Outlined in this 
chapter is the theory that enables the prediction of the external magnetic field due to 
pulsed eddy currents in stratified conductors. The pulse signals due to some simple 
aluminium-air layered systems have been obtained using a Hall probe and the results 
compared with theory. The parametric inversion scheme has been modified to give 
estimates of the layer thicknesses. 
The characterization of surface treatments on both ferrous and nonferrous metals 
is of great importance in NDE. Of particular interest is the evaluation of case-hardened 
samples. Case hardening is the generic name for any process that results in a hardened 
surface layer on steel, copper, aluminium or their alloys. A common case-hardening 
process that is applied to steel is that of carburizing. Steel is placed in an atmosphere 
containing carbon at elevated temperatures. Iron carbide will form near the surface 
of the steel and then, given time and the appropriate conditions, will diffuse further 
into the sample. It would be useful to measure the penetration depth and profile of 
the iron carbide. A number of techniques exist for this purpose, but they tend to be 
very application specific and rely heavily on calibration curves. Pulsed eddy currents 
offer the potential to design a general purpose instrument for measuring all kinds of 
surface treatments. The additional information contained in the pulse signals should 
allow nonabrupt layer interfaces to be characterized in both ferrous and nonferrous 
materials. Measurements made on thin aluminium foils resting on an aluminium 
alloy substrate have been made using a differential induction probe and the results 
compared with theory. The aluminium foil experiments were designed to simulate 
pack-aluminized nickel. Aluminizing is the process by which aluminium and its oxides 
are diffused into metals such as nickel. Aluminizing normally results in improved 
oxidation resistance at elevated temperatures. Measurements have been made on 
pack-aluminized nickel and carburized steel samples in an attempt to quantify the 
extent of the treatments. 
A common NDE inspection problem is the detection of fatigue cracks. While 
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surface- breaking cracks are readily detected using time-harmonic eddy currents, sub- 
surface cracks present a more demanding problem. The use of a Hall sensor should 
improve the detection of subsurface cracks due to a greater sensitivity to more slowly 
varying (lower frequency) magnetic fields. Pulse measurements have been made on a 
subsurface EDM notch in an otherwise homogeneous aluminium plate and compared 
with theoretical predictions in Chapter 5. 
It is well known in eddy-current NDE that ferrite can improve the performance 
of eddy-current probes. The use of ferrite as a core and shield in eddy-current probes 
has been studied in Chapter 6 in order to quantify the advantages over air-cored 
designs. The probes are used in three configurations; air-cored, ferrite-cored and 
ferrite-cored with a ferrite shield, and scanned over a surface-breaking slot. Impedance 
measurements are made and the results compared with theory. The results of this 
work are reviewed in Chapter 7 and possible improvements to the measuring system 
and extensions to the theory are discussed. 
1.5 Publications 
For a half-space conductor, Bowler and Johnson[61] have dealt analytically with the 
case where the current in the coil is that of Equation I. I. Once again, the field 
is measured directly using a Hall device. Excellent agreement between theory and 
experiment is obtained which is due, in part, to the accurate control of the coil current 
and hence the coil field. Johnson and Bowler[62][63] have utilized this agreement with 
experiment to create an inversion scheme. A range of forward problems have been 
solved to create a database of solutions that depend on sample parameters such as 
conductivity, thickness and liftoff. Using a non-linear interpolation on the tabulated 
data, a fast and accurate parameter- fitting scheme has been implemented. Parameters 
such as thickness, conductivity and liftoff are evaluated in real time as measurements 
are made. 
Some preliminary results for the transient response of a subsurface slot have been 
presented by Bowler and Johnson[64]. A line scan was performed over the slot using a 
Hall-device probe. Results were compared with theory and found to be in reasonable 
agreement. There were some systematic errors, however, the cause of which has not 
been identified. The theory of the pulsed response of a subsurface slot in an otherwise 
homogeneous half-space is still to be published[65]. 
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1.6 Theoretical introduction 
In order to demonstrate the solution of time-domain, eddy-current problems, a simple 
I-D case has been investigated. The magnetic field inside a half-space conductor due 
to an infinite current sheet, Figure 1.2, is to be evaluated. The current sheet, which 
is above the half-space, has a time dependence represented by a unit step function. 
To calculate the magnetic field inside the conductor it is necessary to solve Maxwell's 
equations. The following notation is first defined, 
magnetic field, 
E= electric field, 
B magnetic flux density, 
j electric current density, 
D free - charge displacement current, 
P electric charge density. 
a conductivity. 
/-to = free -space permeability. 
I-L - relative permeability. 
These quantities are related by Maxwell's equations; 
VxE = 
aB 
at 
VxH = J+ 
aD 
at V-D = p, 
V-B - 0. 
In eddy-current problems, the frequencies used and the geometric scale of the samples 
studied generally means that the displacement current is negligible. Assuming an 
isotropic, linear material; 
J aE) (1.7) 
B pop, H, (1-8) 
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Figure 1-2: Current sheet and half-space arrangement to be considered under pulse 
excitation. 
hence Equations (1.3) and (1.4) become 
OH 
VxE -pop, 
VxH uE. 
In general, 
VxE 
OEz My 
+ 
OEý, OEz 
+ 
My OEx 
Oy Oz Oz Ox Ox Oy A 
Only the y-component of the electric field is nonzero and there is no variation of Ey 
in the x-direction therefore, 17 xE= -i 
aE ý- and from Equation (1.9), az 
My 
-:::: AoPr 
OH., 
az at 
(1.12) 
Similarly, only the x-component of the magnetic field is nonzero and there is no 
variation of Hx in the y-direction therefore, Vx H= ý'9Hx and 49Z from Equation 
(1.10)7 
OH, 
- aE oz Y, 
Now, eliminating Ey from Equations (1.12) and (1.13) gives 
02 Hý, OH 
o« (1.14) 0Z2 Ot 
The Laplace transform, defined as 
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Oo 
(S) = 
10 
e-"F(t)dt, 
is applied to Equation (1.14), giving 
02 h(z, s) 
- popru [s h(z, s) - H(z, +0)], 0Z2 
where H(z, +0), the field at any point inside the conductor (z > 0), is zero given a 
unit step function excitation. The general form of Equation (1.16) is 
02f (Z) 
2f (Z) 
19Z2 
which has solutions; 
Ae" + Be` . 
U- 
For a half-space of conductivity ao, the solution of Equation (1.16) that decays with 
increasing distance into the half-space region is given by 
h(z, s) = ho (1.19) 
where ho(s) is the Laplace transform of the field at the surface of the conductor. 
In order to determine ho(s), consider a step current applied to the sheet such that 
0t<0 
10 t>0 
(1.20) 
Ampere's circuital law states that the line integral of H around a closed path is equal 
to the total current I crossing any surface bounded by the line integral path[66], 
ic Hdl - 
is Jda = I. 
The field is constant along the path of integration for t>0 so that, according to the 
circuital law, the field in the air gap and at the air-conductor interface is constant, 
i. e. there is no variation of the field in the z- direction, thus, 
Ho (t) -I (t) 
10 u (t) I 
(1.22) 
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where U(t) is a Heaviside step function. Taking the Laplace transform of Equation 
(1.22) we have, 
ho(s) = LfIOU(t)l = 
Io 
s 
(1.23) 
This is the boundary condition on h(z, s) at the air-conductor interface. Substituting 
for ho(s) in Equation (1.19) we have 
(z, s) = 
10 
e-z vIt-lo -ILUo s 
8 
(1.24) 
The time-domain response can now be recovered by taking the inverse Laplace trans- 
form of Equation (1.24)[67]; 
H(t, z) = loerfc 
z V/1-1 -0 t 1,0 0 
2 Vt- 
where erfc(ý) is the complementary error function and is defined as 
erfc 
2 
--- 
loo 
e-t2 dt. (1.26) Or 
It is now possible to calculate the eddy-current density within the conducting region 
from Equations (1.7) and (I - 13). 
Taking the derivative of Equation (1.25) with respect 
to z gives[68] 
i= 
I-LOI-LTUO 2 
exp 
z2 Pottro'o 
-10 
( 
7t 
)i 
4t 
The solution presented here for the magnetic field and the eddy-current density within 
a conducting half-space is for a rather artificial problem. However, some of the ba- 
sic techniques required for the time-domain analysis of eddy-current problems are 
demonstrated. In later chapters the theory for coils under noninstantaneous excita- 
tion is discussed. Results are quoted for the impedance change in a coil and for the 
magnetic field change on the axis of a coil due to pulsed eddy currents in conducting 
half-spaces, stratified conductors and conductors containing subsurface slots. 
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Pulsed eddy-current system 
2.1 Introduction 
There are three main components to a pulsed eddy-current system; the eddy-current 
probes themselves, electronic hardware to drive the probes and a data acquisition 
system to enable the measurements to be made. Three types of probes have been 
used in this work, these being Hall, absolute induction and differential induction. The 
characteristics of these probes and their suitability to certain applications is discussed 
later in this chapter. The electronic hardware is versatile and may be used with all 
three probe types for studying a wide variety of problems. The data acquisition 
software, operating on a personal computer, acquires the pulse signals and performs 
any necessary corrections to the data. Many useful hardware settings, such as the 
amplitude of the drive signal, may be adjusted from the computer keyboard. 
2.2 Probe design 
All probe coils are cylindrical and of rectangular cross section. The coil dimensions 
depend on the application. In general, flat or pancake designs are more suitable for 
one-dimensional problems whereas longer coils with smaller radii give better spatial 
resolution for crack detection and other two- or three-dimensional problems[69]. In a 
Hall-device probe, variations in the magnetic field due to eddy currents are measured 
directly using a Hall device[70][71] placed on the coil axis. In an absolute probe, 
variations in the induced emf across the coil are monitored. In a differential probe, 
two coils are used. One is placed on a reference sample and the induced voltages 
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across the coils are subtracted and then amplified. 
Some of the absolute and differential induction probes used in this study have 
ferrite shields and cores. The use of a ferrite shield around a coil restricts the lateral 
spread of the magnetic field such that it is concentrated on the region of interest. 
A ferrite core also improves sensitivity and can result in an increase in the self- 
inductance of the coil by a factor of up to 10[69]. A disadvantage here is that it is 
possible to drive the ferrite into saturation if the coil current is too high. While this 
is not normally a problem with eddy-current probes it should always be considered 
if anomalous results are obtained. A general probe coil equivalent circuit is shown in 
Figure 2.1. 
U- 
For certain experiments it is necessary to scan the probe over a sample in a precise 
way. This process is carried out, for example, when looking at slots or cracks in metal j 
plates. A scanning rig has been modified for use with the new probes and allows 
computer-controlled positioning in two dimensions. 
2.3 Hall-device probe H1 
Hall-device probes have a big advantage over ordinary induction coil probes since 
they measure the magnetic field directly and do not suffer from loss of sensitivity in a 
slowly varying field. Eddy currents induce an emf across a coil which is proportional 
to the rate of change of the perturbed magnetic field around it. If a simple half-space 
problem is considered it can be seen that following pulse excitation the field decays 
slowly with an error function form[51]. Clearly, if the rate of change of this type 
of signal is measured then there will be problems with sensitivity. Such problems 
are avoided using a Hall probe since the field, not its derivative, is measured. Hall- 
device probes are ideally suited to subsurface eddy-current problems such as corrosion 
detection[72]. 
A Hall device has an active area of finite size and the normal component of the 
magnetic field is averaged over this measurement area. The active area 
(or point 
spread function) is related to the spatial resolution of the probe so it is important 
that its value is known. Haywood[73] has calculated a value for the point spread 
function of the Hall device used in this study based on a method developed by 
Lord 
and Srinivasen[741. The value obtained (0.1 mm') was considered small enough 
for 
direct measurements to be made without the need for deconvolution. 
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Probe Parameter Value 
Inner Radius, a2 7.10 mm 
Outer Radius, a, 11.41 mm 
Coil Liftoff, D 0.60 mm 
Hall Offset, d, 0.15 mm 
Coil Length, 2b 5.00 mm 
Number Of Turns 2550 
Wire Gauge 46 S. W. G. 
Inductance, L, (1 kHz) 121.79 mH 
Series Resistance, R, 606.26 Q 
Time constant (L, IR, ) 205.5 psec. 
Resonant Frequency 40.4 kHz 
Table 2.1: Parameters for probe HI. 
The Hall-device probe used in this work consists of a coil to induce eddy currents 
into the conducting samples and a Hall device to measure the magnetic field. The 
Hall device is mounted on the end of a perspex rod. The rod slides down through 
the centre of the coil such that the Hall device is in roughly the same plane as the 
base of the coil. The basic design and terminology is explained in Figure 2.2. The 
Hall device is removable to allow for the possibility of replacing a damaged device 
or using higher specification devices with the same coil. For example, a magneto- 
resistive sensor could replace the Hall sensor, previous designs would have required 
the construction of a new probe. A drawback with this arrangement is the necessity 
for a relatively large coil inner radius. 
An ideal coil is one where the current density over the cross section is uniform. 
To a good approximation this can be achieved using very thin wire for the windings 
and ensuring that the coil cross section is large in comparison. 46 S. W. G. wire has 
been used in order to make the electrical parameters of the coil relatively insensitive 
to winding irregularities and nonuniform current flow in the wire itself. A coil self- 
inductance of 121.79 mH at I kHz is obtained. These and other parameters for probe 
HI are given in Table 2.1. 
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ic(t) 
VC(t) 
vs(t) 
L 
Figure 2.1: Probe equivalent circuit. 
Coll 
x 
2b 
+ 
Hall Device 
Figure 2.2: Cross section of probe HI. For clarity, the Hall device mounting rod is 
not shown. d, is the Hall device offset and is the distance between the Hall device 
and the bottom of the coil. Hall liftoff is the distance between the sample and the 
Hall device. The length of the coil is 2b. 
2.3.1 Coil former 
The coil former, Figure 2.3, is made of nylon. The 10 mm bore accommodates the 
Hall device mounting rod. Access to the coil windings is via a 0.5 mm diameter hole, 
7.5 mm from the axis, and a shallow groove on the outer diameter running in the 
axial direction. Windings are terminated onto pins mounted in a notch cut between 
7 mm and 12 mm from the axis. These pins are secured in holes of 0.5 mm diameter 
at 9.5 mm from the axis and offset 6 mm apart. All drill holes are made from the 
face marked A (Figure 2.4), prior to winding. 
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1.0 
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Top View 
Figure 2.3: Coil former (dimensions in mm). 
2.3.2 Hall device 
End View 
The Hall device' is prepared for mounting in the probe by carefully grinding the 
encapsulation until the active area just becomes visible thus minimising the distance 
between a sample surface and the active area. A check is carried out to confirm that 
the Hall device has not been damaged in preparation prior to mounting. Enamelled 
copper wire is soldered to the four pins of the device. The orientation of the pins with 
respect to the copper wires is carefully noted remembering that the Hall device pin 
markings have been ground away. A recess is machined into one end of a 40 mm long 
Perspex rod to accommodate the Hall device. Four grooves run down the length of the 
rod (Figure 2.5) along which wire connections to the sensor are made. A small amount 
'RS Components, stock number : 304-267 
0.5 diameter 
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20.0 
------------ 
18.0 
------------ 
20.0 25.0 
------------- I 4--l- 
------------- 1 4-4-- 
Face A 
Probe shell Coil former Hall device mounting rod 
Figure 2.4: Complete probe (dimensions in mm). 
of epoxy resin is placed in the Hall device recess and the device pressed in such that it 
is flush with the Perspex face. Once the epoxy has cured, the enamelled copper wires 
are run along the grooves and terminated onto four pins. A small amount of epoxy 
is wiped over the grooves to keep the copper wires in place. External connections 
are made and the pins potted for durability. In order to ensure that the Hall device 
mounting rod fits into the coil former, stray epoxy resin is scraped away. 
2.3.3 Probe carrier and final assembly 
A rigid shell is constructed into which the coil former slides with a tight fit, Figure 
2.4. The top section of the carrier is bored to a diameter of 18 mm. The carrier bore is 
4 mm wider than the corresponding section of the coil former in order to accommodate 
connections to the winding terminations. Low viscosity potting compound is poured 
into the gap between the carrier and former and allowed to cure. 4.95 mm of material 
is machined from the coil-end of the probe to reduce the distance between the base 
of the coil and a flat surface on which it is placed, this distance is known as the coil 
liftoff. Care must be exercised to ensure machining does not damage the windings. 
With the coil placed and on a flat surface the Hall device mounting rod is inserted 
such that it meets the flat surface. Removal is achieved by pushing the rod in the 
opposite direction, taking care not to push against the Hall device. 
2.4 Induction probes 
Absolute probes consist of just one coil. With the probe in the presence of a con- 
ducting sample and with the coil under the appropriate excitation, eddy currents will 
be excited into the sample. The eddy-currents perturb the coil field resulting in a 
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change in the induced emf of the coil. The coil emf may be measured directly un- 
der pulse excitation or, in the case of time-harmonic excitation, impedance changes 
monitored using a standard eddy-current instrument or measured directly using an 
impedance analyser. Absolute probes are most suited to studying surface features 
such as thin layers or surface-breaking cracks. One absolute induction probe, F1, has 
been constructed and has a removable ferrite core and shield. 
A differential probe is one consisting of two coils. The two probe coils are driven 
with identical current pulses and the difference in induced emf across the coils is 
obtained using high speed analog electronics to yield an out-of-balance signal. Slight 
differences in the probe parameters will lead to a non-zero out-of-balance signal, it 
is therefore very important that the probes are closely matched. An out-of-balance 
signal is produced by placing the two matched coils on samples with different material 
properties. 
Differential probes are ideally suited to measuring small differences in the sur- 
face properties of materials such as those found with case hardened steel. A set of 
differential normal coils, NIa and NIb have been constructed for measurements on 
flat carburized steel samples and aluminized nickel samples. Two sets of differential 
encircling coils have been constructed for examining case-hardened steel bars, these 
are referred to as coils EN12a, EN12b, EN24a and EN24b. 
2.5 Electronic hardware 
The original hardware necessary to operate the pulsed eddy-current system was de- 
veloped at DRA, Farnborough and is named TRECSCAN' (Transient Eddy Current 
Scanner) although the unit itself does not directly drive a scanning rig. The orig- 
inal TRECSCAN was designed for use with Hall-device probes only, this has been 
modified in TRECSCAN II to provide compatibility with absolute and differential 
probes. Many of the operational parameters such as the current rise time constant, 
current amplitude and pulse repetition rate have been placed under software control. 
Previously, changing such settings meant physically moving hardware jumpers. A 
purpose built PC card has been designed to interface with TRECSCAN 11 so that 
much of the digital circuitry once present on TRECSCAN now resides on the new 
'The TRECSCAN (Transient Eddy Current Scanner) was developed by Dr. D. J. Harrison, 
Structural Materials Centre, Defence Research Agency, Farnborough, Hants. 
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board. A functional block diagram for TRECSCAN II and the PC card is shown in 
Figure 2.6. Components of the system residing on the PC card have been boxed with 
a dashed line. 
2.5.1 Coil drive circuit 
The probe coil is to be driven by a low-pass filtered bipolar square wave current 
source. The first order low-pass filtering leads to rising and falling edges with expo- 
nentially decaying forms. The coil field is directly proportional to the current flowing 
through the coil. The current source automatically compensates for any variations 
in the electrical parameters of the coil thus ensuring that the coil field is a fixed and 
repeatable function of time. The stability and repeatability of the current source 
method offers significant advantages over traditional voltage drive methods. Ideally, 
to maximize the resolution of the time-domain signals, a true square wave would be 
used. However, because the potential drop across the coil is given by 
Vc(t) - L, 
dl, (t) 
+ IcRc7 dt 
(2.1) 
any attempt to pass a square-wave current through the coil would cause the current 
source to saturate. 
In order to ensure consistent measurements, the peak positive and negative coil 
currents must be kept constant. This is done using a voltage controlled current 
source or transconductance amplifier, Figure 2.7. The circuit has a transconductance 
of 209 mAV-' and a voltage compliance of ±13 V. To avoid saturation at ±15 V, 
the transconductance amplifier is limited to a ±12V output swing. The coil current 
supplied by the transconductance amplifier is given by 
IC (t) = 10 
(I- (2.2) 
where -ro is the current time constant. By substituting (2.2) into (2.1) it is found that 
the voltage necessary to drive the current through the coil is 
I+T (2.3) R, lo I 
TO 
where R, is the coil series resistance and T=L, 1R, (Table 2.1). 
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The coil current must be carefully monitored for calibration purposes. To achieve 
this, a 10 Q sensing resistor is placed in series with the coil drive output and the 
voltage drop across this resistor is differentially amplified to give a measure of the 
coil current, Figure 2.8. The output from the current monitoring circuit is fed into 
the data acquisition system so that calibration may be performed at any time. 
2.5.2 Pulse generator and low-pass filter 
The input to the transconductance amplifier is derived from a TTL pulse train of unity 
mark-space ratio which drives a single pole, double throw analog switch. Connected 
to the two inputs of the switch is a programmable voltage source with two outputs of 
equal and opposite magnitude, Figure 2.9. This is achieved using an 8 bit digital to 
analog converter (DAC) with complementary current outputs. A bipolar square wave 
is obtained at the switch pole which is passed through a buffer to eliminate the effects 
of a finite on resistance within the switches. To create the required current variation, 
as given in Equation (2.2), the square wave is fed into a low-pass filter, Figure 2.10, 
prior to the transconductance amplifier, Figure 2.7. Eight different low-pass filter 
resistors may be switched into the circuit using an analog multiplexer giving software 
programmable time constant values in the range 1.8 psecs. and 510 ysecs. The 
magnitude of the input to the transconductance amplifier is software programmable 
between 0V and 10 V with 8 bit resolution. 
2.5.3 Hall device input amplifier 
The Hall device power supply is derived from a simple Zener diode circuit, Figure 
2.11. The Hall device has two output pins in a different ial-mode configuration, pro- 
viding an excellent means of minimizing common mode noise. The two Hall device 
outputs present a small signal proportional to the magnetic field superimposed onto 
a relatively large DC level. Each output is fed through a band-pass filter, Figure 
2.12, which removes the DC offset and attenuates high frequency noise. The low-pass 
cutoff frequency is set at 30 kHz and the high-pass at 0.015 Hz. The high-pass cutoff 
frequency should not be set too low or the effects of temperature drift on the DC 
offset will become visible. The low-pass cutoff frequency is chosen to minimize high 
frequency noise and aliasing. Its value must not be set too low or the eddy-current 
signal will be attenuated. In this work, the Hall-device probe has been used exclu- 
sively with a current rise time constant of 275 psecs. which will be unaffected 
by the 
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30 kHz cutoff frequency. However, the Hall device has a bandwidth of 100 kHz and 
if this bandwidth is to be exploited then a higher low-pass cutoff frequency and a 
sampling rate of at least 200 kHz will be required. A gain of 21 is applied to the two 
signals which are then differentially amplified using a software programmable gain 
amplifier. One of four gain settings may be selected, 1,2,4 or 8. The amplified Hall 
signal is then fed into the analog input multiplexer. 
2.5.4 Induction probe input amplifier 
A general purpose input amplifier has been designed to deal with differential or abso- 
lute probes, Figure 2.13. If an absolute probe is used it is advisable to place a dummy 
coil with similar electrical properties on the other input. A high speed video difference 
amplifier is used as the input amplifier which has excellent input impedance charac- 
teristics and high frequency common-mode rejection. After the differential amplifier, 
a multiplexer is used in conjunction with an operational amplifier to provide software 
programmable gain, the output from which is fed into the analog input multiplexer. 
2.5.5 Timing circuits and analog to digital conversion 
Logic timing signals are required to control both the data acquisition system and the 
analog to digital converter (ADC) on the PC card. A Harris H15800 ADC integrated 
circuit (IC) is used having a3 MHz maximum sampling rate and 12 bit resolution, 
Figure 2.14. A multiplexer is used to switch between Hall-device probe, induction 
probe or coil current measurements. The signal sampling and the transient repetition 
must be synchronized. A high frequency transistor- transistor logic (TTL) clock is 
used to trigger samples. A programmable divider allows the clock frequency to be 
varied. A second divider, used to control the number of clock cycles in each transient, 
produces a clock signal to control the analog switch which generates the bipolar square 
wave. Logic gates are used to ensure data sampling starts at the first positive-going 
edge after receipt of a signal from the host PC. Figure 2.15 shows the timing diagram 
which has been implemented using a gate-array on the PC board. 
The sampling frequency is adjustable up to 3 MHz. the maximum rate of the 
Harris ADC IC. The transient repetition rate is chosen such that the eddy-current 
signal has decayed to a level indistinguishable against background noise at the point 
where polarity is reversed. Repetition rate will also depend on the master clock 
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F-Selection I Frequency / kHz 
0 3000 
1 1500 
2 750 
3 375 
4 187.5 
5 93.75 
6 46.875 
7 23.4375 
Table 2.2: Master clock rates (sampling frequencies) available. 
frequency. The clock rates available are shown in Table 2.2. 
2.6 Data acquisition 
2.6.1 Data acquisition and hardware control 
A set of driver routines has been written in the programming language C to form an 
interface between the PC and TRECSCAN 11. Some of the most useful of these low 
level routines are shown in Table 2.3. Care is taken to ensure that signal sampling 
begins at the positive going edge of a transient and that exactly one complete tran- 
sient repetition is gathered for each data set. The software for recording the data 
is quite straightforward to implement. The number of samples in one transient is 
calculated and this figure is passed as a parameter to the driver routine that initiates 
sampling. The software controls the transient repetition rate via the driver function 
call, set-reg-RepRate.. Many transients may be gathered over a short period of time 
and averaged. The number of transients over which averaging occurs, the transient 
repetition rate and a default output file name are also specified in an input control 
file. 
2.6.2 Field calibration 
Typically, twenty transient repetitions are recorded by the PC and averaged to give 
a mean value. Each transient consists of a positive and negative half cycle. The 
negative half cycle of the averaged transient is subtracted from the positive and the 
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Function call Parameters I Description 
set-reg-DAC (unsigned) 0- 255 Set the coil current 
amplitude. 
set-reg-OscDiv (unsigned) 0-7 Set sampling frequency. 
0-3 MHz, 7= 23.4375 kHz. 
set-reg-OscEnable (unsigned) 0-I Enable main oscillator. 
set-reg-RepRate (unsigned) 0- 15 Set number of clock cycles 
in each transient. 
0 -- 2 cycles, 15 -- 65536 
cycles. 
set-reg-LPFTime (unsigned) 0-7 Set the current rise time 
constant - 
0=1.8 psecs. 
7= 510 psecs. 
set-reg-MUX (unsigned) 0-7 Input multiplexer. 
0,2 - External. 
11 3,7 - NC. 
4- Hall-device probe. 
5- Coil current. 
6- Induction probe. 
set-reg-DiffGain (unsigned) 1,2,4,8 Set gain of induction 
probe input stage. 
Gains - 11 21 4,8 
set-reg-HaIlGain (unsigned) 0-4 Set gain of Hall-device probe 
input stage. 
Gains - 1) 21 4,8. 
Table 2.3: Driver functions to control the hardware. 
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result is multiplied by a calibration factor to give the magnetic field at the Hall 
sensor. Only a nominal value for the Hall device sensitivity is known, although it 
could be measured along with the gains in the various signal amplification stages to 
find the required calibration factor. However, the sensitivity of the Hall sensor and 
the amplification are temperature dependent. For this reason it is advantageous to 
repeat the calibration frequently as conditions change. This is done continually using 
the asymptotic value of the signal near the end of the transient tail. This value is 
independent of the workpiece (for non-ferromagnetic materials) and therefore is the 
same as with the probe in free space. When the probe is in free space, the field on 
the axis is given by 
-2 , 12 22 
H, = Kd2 In 
a2 + ýFaj + d2 Kdl In 
a2 + 
ýaf + d2 
(2.4) 
2222 
a, + 
ý% + dl a, + A/a 1_ 2+ d2 
where NIo (2.5) 
2(al - a2)(d2- di) 
Here a2 is the inner coil radius and a, is the outer radius. d, and d2 are the distances 
between the Hall device and the bottom and top of the coil respectively. N is the 
number of turns and 10 is the peak coil current. The peak coil current is monitored 
and Equation (2.4) evaluated to yield the true peak magnetic field. The derivation 
of this equation is given in Appendix A. 
2.6.3 Signal processing 
The thermal sensitivity of the Hall device causes the absolute magnitude of the tran- 
sient signal to vary with temperature. This can be particularly problematic when 
moving the probe from air to a conductor due to cooling. The transconductance am- 
plifier ensures that coil current and therefore the magnetic field (after eddy-current 
contributions have decayed) is a fixed function of time. This means that thermal 
effects on the signal are mainly due to the Hall sensor. 
Once power is applied, temperature drift is allowed to stabilise with the probe in 
air. The maximum and minimum field levels are recorded with the probe in air 
by 
averaging over the last readings of the positive and negative halves of the transient 
data respectively. Subsequent transients are adjusted in amplitude to these refer- 
ence levels thus correcting for the temperature variation of the output signal, 
Figure 
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2.16. It is advisable to re-evaluate the maximum and minimum reference field lev- 
els if significant changes in ambient operating conditions occur. To further enhance 
the signal-to-noise ratio, in addition to signal averaging, the negative portion of the 
transient is subtracted from the positive. This doubles the signal level and reduces 
the number of samples by one half. The number of samples has already been chosen 
to cover exactly one repetition and it is therefore easy to find the midpoint, where 
signal polarity reverses. 
To aid interpretation of transient signals, some reference transient is usually sub- 
tracted from the main signal. When measuring absolute sample parameters such 
as conductivity, this reference is the probe response in air. The response from an 
unflawed conductor would be a desirable reference when studying layered or flawed 
structures. Provision has been made within the software to perform this subtraction 
of the reference signal. Subtraction occurs at the operator's discretion such that a 
reference may be obtained under any desired probe conditions, i. e. probe in air, probe 
over conducting half-space etc. Once a reference signal is obtained, it is stored and 
subtracted from all subsequent transients but may be cleared and re-evaluated at 
any time. The subtraction of the reference signal occurs after field level mapping, 
averaging and negative-half transient subtraction operations are complete. 
Transients have a very long decay time especially with a coil of relatively large 
dimensions such as that used in the Hall-device probe. In fact, there is still an 
observable signal even after 40 msecs. for high conductivity samples (> 60% IACS)3. 
Rather than having a long pulse repetition rate, it is possible to use a shorter rate 
provided that some corrections are made. The acquisition software forces the end of 
a transient to zero, which tends to shift the whole signal in the negative direction 
causing an error. For a thick copper plate the shift is about -8.5 Am-, reducing to 
-2.1 Am-' for a thick 38.8% IACS aluminium plate. In order to sample a transient 
such that a near-zero is obtained, either a very large number of points is required 
or the sampling rate must be significantly reduced. An alternative approach is to 
estimate the residual signal and automatically adjust the transients in software. The 
shift magnitude is specified in the software control file and can be evaluated if the 
sample conductivity is known. For aluminium, this shift error is quite small and can 
usually be ignored. For higher conductivity metals, an estimate of the residual signal 
is required. 
3 7SM-1 IACS : International Annealed Copper Standard, measure Of conductivity, 100% -= 5.8e 
annealed copper. 
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2.7 Summary 
A number of probes have been designed to study a range of eddy-current problems 
under pulse or time-harmonic excitation. Some applications include the measurement 
of conductivity, the study of thin surface layers and treatments and the detection and 
sizing of surface and subsurface cracks and slots. Existing hardware necessary for 
pulse excitation has been redesigned and improved with TRECSCAN II, a versatile 
and general purpose instrument. Software has been written to form an interface 
with TRECSCAN IL The software acquires the transient signals and performs some 
signal processing and averaging. Many TRECSCAN II hardware parameters may be 
varied from within the same software package. Photographs of the probes and of the 
experimental hardware are shown in Figures 2.17 and 2.18. 
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Figure 2.5: Hall device mounting rod (dimensions in mm). 
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Figure 2.7: Transconductance amplifier circuit diagram. 
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Figure 2-8: Coil current measurement circuit diagram. 
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Figure 2-9: Bipolar pulse generator circuit diagram. 
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Figure 2.13: Induction probe input amplifier circuit diagram. 
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Figure 2.13: Induction probe input amplifier circuit diagram. 
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Figure 2.16: The effects of temperature changes on the Hall sensor output. 
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I 
Figure 2.17: Some of the eddy-current probes used in this study. a) Differential 
normal probe set, NIa and NIb, b) Not used, c) Ferrite probe FI, d) Hall-device 
probe HI. 
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Figure 2.18: Experimental arrangement showing the PC and TRECSCAN IL Nlea- 
surements are being made on pack-aluminized nickel samples. 
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Pulse measurements on 
homogeneous, thick plates 
3.1 Introduction 
For the purposes of this work a conducting plate is classed as thick if, to a good 
approximation, it behaves like a half-space as far as induced eddy currents are con- 
cerned. Whether the half-space approximation is valid depends as much on the probe 
and the form of its excitation as it does on the sample. However, for a plane-wave 
incident on a flat sample, an eddy-current penetration depth, commonly known as 
the skin depth, can be defined in terms of the sample conductivity, a, permeability, 
p and the angular frequency of the excitation, w, such that 
r2 
07 
(3.1) 
where 6 is the distance below the sample surface at which point the eddy-current 
density has decayed to C' of its surface value. When the incident field is not a plane 
wave but is of the form obtained with standard eddy-current probes, a true depth 
of penetration has been described by Mottle[75]. Under pulse excitation conditions, 
however, it is not possible to derive a simple expression for the skin-depth. An order 
of magnitude estimate of the penetration depth for a transient can be calculated by 
assuming that the magnetic field above the surface of a plane conductor is spatially 
uniform and represented by a step function in time with the transition taking place 
at t=0. The resulting magnetic field in the conductor is a solution of the one- 
dimensional diffusion equation and has the form[35] 
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OrZ 
H(z, t) = Ho erfc 
(pV) (3.2) 
where the z-coordinate is measured normal to the surface of the conductor. The 
complementary error function is given by erfc(ý) =I - erf (ý) where erf is defined 
as an integral over the Gaussian function commonly encountered in statistics and 
probability theory where it is associated with the normal distribution. By definition, 
erf (ý) =2e e-U2 du. 
V77r 
10 
(3-3) 
It will be assumed that the magnetic field given by Equation (3.2) is in the y- direction. 
Differentiation with respect to z then gives the x-component of the electric field in 
the conductor as 
E(z, t) - 
OH 
Ho ILO'Z exp 
porz 2 
az vit 
(- 
4t 
) (3.4) 
Because the exponential term dominates, the penetration can be estimated from the 
exponent. For rough calculations we shall assume that the field at a point whose 
coordinate is z becomes substantial at the time when the exponent is -1.0. Taking 
into account the fact that a field must travel to the far side of a plate and back before 
the effect at the original surface is observed, it is estimated that the interaction at 
the far surface will make a substantial contribution to the detected signal at a time 
given by 
to -- pad 
2. (3-5) 
This value of to can only be seen as a rule-of-thumb because it is based on assumptions 
that are not accurate for a nonuniform field and a source field with a finite rise time. 
However, it has proved to be a valuable guide in the interpretation of data on stratified 
conductors discussed in Chapter 4 of this thesis. 
Thick conductors are straightforward to model and can be accurately character- 
ized making them ideal for characterizing probes whose parameters are not so easily 
measured. The impedance of a probe over a thick conductor may be measured at 
multiple frequencies using an impedance analyser and compared with predictions 
made using expressions derived by Dodd and Deeds[9]. The probe is regarded as 
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fully characterized when the model parameters have been updated to give a best-fit 
with experiment. Obviously, one must ensure that parameters obtained in this way, 
otherwise known as effective parameters, are reasonable and can be justified in a 
physical context. The probe parameters which are most difficult to measure (liftoff, 
inner radius and sometimes outer radius) are normally included in this scheme. The 
thickness of nonconductive coatings can also be measured in this way as they serve 
to increase the probe liftoff. 
Before comparisons with theory may be made, compensation must be made for the 
contribution to the coil impedance due to stray capacitance. The primary source 
of stray capacitance is in the coaxial leads that connect the probe to the measuring 
instrument. Care must be taken to ensure that at the upper measurement frequency 
the skin-depth in copper is considerably greater than the diameter of the copper wire 
used in the coil windings. As a general rule, the skin-depth should be equal to at least 
three wire diameters. If this is not the case, resistance measurements at the higher 
frequencies will be larger than expected. 
3.2 Parallel capacitance compensation 
Capacitance in the leads connecting the coil to its excitation source and between 
the individual windings in the coil itself contributes significantly to the overall probe 
impedance at higher frequencies. The Dodd and Deeds model does not account for 
such capacitance and so the experimental measurements must be adjusted before 
comparisons with theory may be made[76][77]. This is achieved by subtracting the 
complex admittance of the parallel stray capacitance from the measured complex 
admittance and then evaluating the impedance. The calculation is carried out by 
first evaluating the ideal admittance, YO, as a function of frequency. This is achieved 
using DC, free space inductance and resistance measurements where the effects of 
parallel capacitance are negligible. Values of YO are evaluated over the same range of 
frequencies as used for the measurements, thus, 
YO = 
I 
(3.6) 
Ro + jwLo' 
where RO and LO are the DC resistance and inductance measurements respectively. 
In practice a low frequency measurement is used to estimate the DC impedance. 
The 
actual admittance in air is found from the impedance measurements at all 
frequencies 
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Air Half-Space Corrected 
F'req. Resistance Inductance Resistance Inductance Resistance Inductance 
Hz Ohms mH Ohms mH Ohms mH 
200 606.28 121.63 617.29 111.75 11.019 111.91 
280 606.26 121.79 624-62 109.11 18-360 109.11 
390 606.40 121-78 635-09 106.02 28-691 106.04 
540 606.48 121-80 648-97 102.81 42.486 102-81 
750 606.74 121-81 667.48 99.49 60-756 99-500 
1040 607.09 121-81 691.00 96.22 84.024 96.243 
1440 608-16 121-86 720-92 93-13 113-11 93.145 
2000 609-88 121.98 758-73 90.26 149-54 90-222 
2780 613-51 122.23 806.31 87.69 194.15 87-545 
3860 619.57 122.83 865.37 85.54 247.23 85-123 
5370 626.74 123.88 940.31 83.96 312-52 83-075 
7460 643.67 126.08 1040.04 83.03 389.35 81.238 
10360 691.94 130.44 1188-30 83.10 482.23 79-635 
14390 802.57 139.60 1426.58 85.01 593.93 78.243 
20000 1101.70 161.47 1878.20 90-79 725.71 76.991 
Table 3.1: Measured and corrected impedance results for probe HI. 
and is given by 
Ya(f) = 
1 
Za(f) Ra(f) + jwLa(f) 
I 
(3.7) 
where R,, (f) and L,, (f) are measurements of resistance and inductance respectively. 
The admittance of the parallel network, Yp(f), is evaluated by subtracting the ideal 
admittance from the measured air admittance, 
Y, (f Ya (f YO p (3-8) 
The corrected impedance, Z, (and hence corrected resistance, R, and inductance, 
L, ) can now be obtained by subtracting the parallel admittance from the measured 
admittance change, Y(f). Thus 
zc 
=1 (3-9) Y(f) - YPW 
Corrected impedance data for probe HI is shown in Table 3.1. 
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A computer program has been written under Microsoft Visual C++ that reads in 
the experimental impedance data files, compensates for the effects of parallel capaci- 
tance and writes the corrected impedance data files back to disk. 
3.3 Parameter fitting, probe HI 
For probe H1, critical parameters such as inner radius, outer radius, liftoff and length 
have been measured, Table 2.1. The values of these parameters, however, lead to 
incorrect predictions of the inductance and resistance of the coil. The errors are due 
in part to the effects of finite wire diameter. The effective coil inner radius will be 
larger than that measured and the length and outer radius smaller. The Hall-device 
probe used in this study has DC electrical characteristics which depend strongly on 
the coil inner radius and liftoff. The coil outer radius is not so critical. It is possible 
to fit one of these parameters by measuring the DC, free space self inductance of the 
coil and comparing the result with that predicted by Dodd and Deeds[9][76]. The coil 
length is assigned the measured value while the inner radius is increased slightly to 
bring the predicted free-space self-inductance into line with that measured. Having 
obtained an effective inner radius, an effective coil liftoff (the distance between the 
bottom of the coil and the test piece) can be evaluated from multifrequency impedance 
data. Multifrequency impedance measurements are obtained for the probe in air and 
over a conducting half-space. The change in coil impedance between air and half- 
space is calculated at each frequency. These results are corrected for the effects of 
parallel capacitance within the connecting cables and compared with Dodd and Deeds 
predictions. The model parameters are updated to minimise the error between theory 
and experiment. This yields the effective coil liftoff. The half-space conductivity may 
also be included in the minimization scheme if it is unknown or the value unreliable. 
3.3.1 Fitting the coil inner radius 
The coil inner radius is adjusted in the model until the measured (DC, free space) 
inductance is obtained. The measured inner radius is 7.00 mm, but an inner radius 
of 7.098 mm is found to give the correct prediction. The adjustment is consistent 
with the diameter of the coil wire (diameter increase = 0.098 mm, wire diameter = 
0.0610 mm -= 46 S. W. G. ). The coil length and outer radius are assigned the measured 
values of 5.00 mm and 11.41 mm respectively. 
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3.3.2 Fitting liftoff and conductivity 
In order to determine probe liftoff, multifrequency impedance measurements are made 
on the probe in air and over a conducting half-space. A thick aluminium slab with a 
specified conductivity of 40.1%1 IACS was used and was found to be a good approx- 
imation to a half-space. Since conductivity is temperature dependent, however, this 
original measured value cannot be relied upon. A more accurate value was determined 
by including conductivity in the minimization scheme. 
Above a few thousand Hertz, the effects of parallel capacitance from the probe 
leads become noticeable. Multifrequency measurements are taken up to 20 kHz, a 
frequency roughly half that of the resonant frequency (Table 2.1). At the higher 
frequencies, a significant contribution to the impedance change is due to parallel 
capacitance. Because a comparison is to be made with theory, the effects of parallel 
cable capacitance must be compensated for[77], to yield corrected multifrequency 
impedance data. This is achieved by subtracting the complex admittance of the 
parallel network from the measured complex admittance and then evaluating the 
impedance. This procedure is analogous to compensating for parallel resistance as 
discussed in Section 3.2. The Dodd and Deeds formula[9] may be evaluated to predict 
changes in coil inductance and resistance, Ld(f) and Rd(f) respectively, between the 
probe coil in air and over a thick plate at a certain liftoff. The conductivity of the 
aluminium plate is known to be around 40% IACS and the coil liftoff between 0 mm 
and 1.5 mm. The same computer program that calculates the corrected impedance 
data and the coil inner radius performs a minimization for liftoff and conductivity. An 
initial guess may be made and the parameters constrained within a reasonable range. 
The Dodd and Deeds model is run and an error term evaluated. The root mean square 
(RMS) error between experiment (R, (fi), L, (fi)) and prediction (Rd (fi), Ld (fi)) I 
is 
given by 
[R, (fi) - 
Rd (fi) 2+ [L, (fi) 
- 
Ld ( fi )12 
(3.10) 
[R, (fi )12 [L, (fi )]2 
Equation (3.10) is evaluated and parameters updated in a direction that reduces the 
error. The model is evaluated with the new parameters and the process repeated 
'Measured by a commercial instrument. 
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Parameter Conductivity I Liftoff Error 
Value 39.6% IACS 0.60mm 0.00211% 
Table 3.2: Parameters obtained from the multifrequency half-space fit for probe HI. 
until the error is sufficiently small. 
Under the scheme, a minimum is found at a= 38.6% IACS and liftoff = 0.67 mm, 
with A=7.89% at the minimum. The error is considered unacceptably large and 
throws suspicion on the parameters obtained from it. On close inspection of the 
predicted and experimental resistance changes at low frequencies, it is found that no 
amount of reasonable adjustments to conductivity and liftoff will bring the model 
into line. It is found from the results that a consistent difference exists between the 
air and half-space resistance measurements. This is probably due to the resistance 
of the coil windings being sensitive to temperature. This temperature coefficient is 
estimated, using the bulk temperature coefficient of resistivity for pure copper[78], to 
be 3 QK-'. The offset error in resistance changes is around 3 Q, so it is reasonable to 
assume that the wire temperature coefficient is responsible. This difficulty has been 
overcome by modifying the program so that it evaluates the error term due only to 
changes in inductance, i. e. 
A= J [L(f) ( -" I [L, fi (3-11) 
Table 3.2 shows the results obtained from this search. Experimental resistance and 
inductance changes as the coil is moved from air to the conducting plate are now 
compared with predictions made using effective values for the plate conductivity and 
probe liftoff. Excellent agreement is obtained, Figures 3.1 and 3.2. For the purpose 
of comparison, uncorrected inductance changes are compared with theory in Figure 
3.3. It can be seen here that at low frequencies the effects of parallel capacitance are 
negligible while at higher frequencies the effect is substantial. 
Ld (fi )]2 1 
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Figure 3.1: Corrected resistance changes compared with theory for probe Hl. 
3.4 Pulse response 
3.4.1 Introduction 
Transient field measurements have been compared with theory for the probe over 
conductors that approximate a half-space. Aluminium and copper plates have been 
studied and the liftoff varied. Excellent agreement is obtained for the aluminium 
plate. There are small errors in agreement between measurements and theory for the 
copper plate which can be explained by small variations in conductivity caused by 
temperature fluctuations. 
An inversion scheme has been implemented using a database approach to obtain 
sample parameters from the transient signals. The original continuous nature of the 
model function is recovered using bicubic interpolation so that standard minimiza- 
tion methods may be used to obtain sample parameters such as conductivity and 
nonconductive coating thickness. The application of pulsed eddy currents to metal 
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Figure 3.2: Corrected inductance changes compared with theory for probe HE 
sorting has also been investigated. Aluminium bars of similar conductivities have 
been distinguished successfully using differential encircling coils. 
3.4.2 Theory and calculations 
Consider eddy currents excited in a sample by means of a current-carrying coil of rect- 
angular cross section -with its axis normal to the sample surface. The z-component 
of the magnetic field in the axial direction is given by[52] 
H, (p, z, t) 
cýo T (r, t) e- rz j (ru) Jo (rp) dr,., (3.12) 20 
where p and z are cylindrical polar coordinates defined with respect to the coil axis 
(Figure 3.4). In general, however, the field is measured on the axis of the coil so 
Equation (3.12) reduces to 
53 
1-111 
Uhapter 3 Pulse measurements on homogeneous, thick plates 
115.0 
M 105.0 
E 
a) 0) 
C 
0 95.0 
(1) 
C) 
C: 
cz 
C) 
85.0 
-7 CZ n 
Dodd & Deeds 
Experimental (uncorrected) 
I 'j. %j 0.0 5000.0 10000.0 15000.0 20000.0 
Frequency / Hz 
Figure 3.3: Uncorrected inductance changes compared with theory for probe HI. 
fl 
Hz (z, t) 
fo 
IF (r. 7 t) -rz 
j (r, ) dr, 
20 
The coil function J(r. ) is given by[51] 
2n 
-r e hsinh(br, )[a 
2X (air. ) -a2, 
y (a2 rl-) (3-14) J(r, ) 
K12 
Here a, is the coil outer radius and a2 the inner radius. h is the height of the centre 
of the coil above the base of the probe and includes liftoff, the length of the coil is 2b. 
The coil turns density is n which is constant over the coil cross section. X is defined 
as[51] 
X (a) T7 [ J, (a) Wo (ce) - Jo (a)'h 1 (a) (3-15) a 2a 
where Wo and W, are Struve functions[79]. 
The function T in Equation (3-12) depends on the reflection from the sample and 
the time variation of the excitation current It may be evaluated analytically for a 
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>p 
Figure 3.4: Probe geometry and the coordinate system conventions used for mod- 
elling. The Hall device is located on the coil axis, i. e. at p -- 0. 
half-space, or numerically for multi-layered systems. For a half-space, with zero rise 
time excitation, qf(r,, t) = ýD(r,, t), where[511 
ýD (K, t) =2 10 
t 
e- 
t/T 
++ 
2t )erf t t] 
-10, (3.16) 
1 FTT 
2TTT 
where -r-- AOUIK'. The error functions erf and erfc are defined in Section 11. For a 
current excitation given by 
I (t) 
=10 
(1 
- C-t/7-0), 
the function T (K, t) has the form [80] 
T (KI t) = 41 (K, t) - 7-0 -vo (rj t), 
where 
21o t1TO I 
ýDo t) = c- -, 
/v-Ferf (Vvt) erfc 
t- io e-t/To (3.19) 
TO( V77-) 77-)l TO 
and 
(3.20) 
T TO 
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The magnetic field given by Equation (3.12) has been calculated using T (r,, t) given 
by Equations (3.18), (3.16) and (3.19). 
The Hall-device probe provides a direct measurement of the normal component 
of the magnetic field on the axis of the coil at some position, z, above the sample 
surface, Equation (3.13). The data acquisition system subtracts the probe response 
in air and normalizes the results for unit coil current. Equation (3.13) can be evalu- 
ated to determine AHz (z, t) and compared directly with experiment. The expression 
for AH, (z, t) is a simplification of the more general expression for the field at any 
radial position p, Equation (3.12). FORTRAN code has been developed 2 to evalu- 
ate Equation (3.12) numerically using standard library functions for the numerical 
integration [8 11. Input parameters such as the probe and sample details are specified 
in a control file which is read by the FORTRAN code. 
3.4.3 Experimental results and comparisons with theory 
The transient response of thick aluminium and copper plates, having thicknesses of 
25 mrn and 19 mm respectively, were recorded using TRECSCAN II. A current rise 
time constant of 275 psecs. was used. Precision plastic shims have been used to 
set probe liftoff values of 0.0 mm, 0.36 mm and 0.84 mm. The asymptotic coil cur- 
rent was approximately ± 20 mA and was measured by the data acquisition system 
for calibration purposes. The magnetic field measurements are normalized for unit 
asymptotic coil current. The probe response in air was subtracted from the mea- 
surements made with the probe over the sample to give the change in magnetic field, 
AH,. The experimental magnetic field measurements have been shifted up (except 
at time t= 0) by 12.5 Am-', around 1% of the full scale response, to compensate 
for the non-zero asymptotic field at the end of sampling (40.96 msecs. ). The residual 
field for the aluminium results was small enough to be neglected. 
To illustrate the relationship between skin-depth and the minimum plate thickness 
required for the half-space approximation to be valid, experiments have been carried 
out on four plates having the same conductivities but different thicknesses. The alu- 
minium plates have conductivities of 32.1% IACS and thicknesses of 20 mm, 10 mm, 
6.88 mm and 3.96 mm. The transient response was recorded for each plate and com- 
pared with the Dodd and Deeds half-space model, Figure 3.5. Excellent agreement 
2 Transient half-space model code has been developed by Dr. J. R. Bowler, University of Surrey, 
Guildford. UK. 
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can be seen between the half-space model and the 20 mm plate. The effects of a back 
surface reflection are noticeable with the 10 mm plate and results deteriorate further 
with the 6.88 mm and 3.96 mm plates. 
1000.0 
750.0 
500.0 
cz 
E 250.0 
0.0 liý-- 0.0 3000.0 
Figure 3.5: The effects of finite plate thickness when assuming the half-space approx- 
imation. Best agreement is obtained with the 20 mm plate. 
The transient half-space model was run for the aluminium and copper plates 
using liftoff values as in the experiments. Figure 3.6 shows the excellent agreement 
between theory and experiment for the aluminium plate. Small discrepancies can 
be seen between the copper plate results, Figure 3.7. It was found that increasing 
the conductivity entered into the model by 2%, in line with the variations expected 
due to temperature fluctuations, brings near perfect agreement with experiment. An 
increase in the temperature of the copper plate of just 5K leads to a reduction in 
conductivity of 1.6% or 1.7% IACS. 
3.4.4 Inversion for thick plate parameters 
The transient response has been predicted at equal intervals over a range of conduc- 
tivities and liftoffs. The readings were recorded at sample points spaced at regular 
intervals in time. Twenty samples of each transient signal at 500 psec. intervals 
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Figure 3.6: Measured and predicted half-space transient response of a thick aluminium 
plate of conductivity 38.8% IACS. 
are used for the inversion scheme. The sample points are thus at to =0 tLsecs. , 
tj = 500 tLsecs., t2 =1000 /-tsecs., ... tjq = 10000 psecs. The values of the magnetic 
field at these points are stored in a database together with the corresponding values 
of conductivity and liftoff. 
An error function is generated which is a measure of the disagreement between 
the experimental measurements and the predictions for a particular parameter set. 
In general, this function is given by 
1: IH exp (ti) -H (fi, ti) 
i=0,19 
(3.21) 
where p is a vector whose components are the parameters that are sought. tj is the 
time at which sample i is taken. H(p, ti) is the predicted magnetic field at the Hall 
sensor and H"P(ti) is the experimentally measured field. The required parameter 
set is the one that minimizes the error function. For example, in a conductivity 
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Figure 3.7: Measured and predicted half-space transient response of a thick copper 
plate of conductivity 103.3% IACS. 
measurement that corrects for liftoff, suitable conductivity and liftoff values are sought 
which are optimum in the sense that S(p) is minimized. 
A non-linear least-squares routine is used to obtain the required parameters. The 
Levenb erg- Marquardt method[82] is chosen as it has become a standard tool for such 
problems. One disadvantage with the Levenb erg- Marquardt method is that it requires 
derivatives of the function to be minimized. In the current problem, this means that 
it is necessary to calculate derivatives of the magnetic field with respect to liftoff 
and conductivity for each point in the database and at each point in time. Another 
difficulty arises because of the discrete nature of the database. When the Levenberg- 
Marquardt routine updates parameters to improve the fit, the new parameters do 
not generally lie on the database grid. A bicubic interpolation scheme[831 has been 
implemented to provide an effectively continuous model function. Bicubic interpola- 
tion is chosen because it is particularly smooth. The resulting function will change 
continuously even when a point crosses from one grid square to another. Smoothness 
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Measured Predictions 
Liftoff / mm Liftoff / mm I Conductivity % IACS 
0.00 0.00 38.00 
0.10 0.10 37.75 
0.25 0.25 37.75 
0.36 0.35 37.75 
0.84 0.80 37.75 
Table 3.3: Measured and predicted half-space conductivity and probe liftoff for the 
aluminium sample (38.8% IACS). 
Measured Predictions 
Liftoff / mm Liftoff / -m-m-- F-Conductivity % IACS 0.00 0.00 100.25 
0.10 0.10 100.25 
0.25 0.30 101-00 
0.36 0.35 99.50 
0.84 0.85 101-00 
Table 3.4: Measured and predicted half-space conductivity and probe liftoff for the 
copper sample (103.3% IACS). 
is achieved by using the derivatives and cross derivatives of the function on the grid 
points, these being obtained using a simple central difference technique. 
As a check of the scheme, an inversion has been carried out using the transient 
results from the aluminium and copper half-space conductors at a range of probe 
liftoffs. 
The database of transient signals is generated for conductivities between 10% and 
110% IACS, at 0.25% IACS intervals and for liftoff values in the range 0.00 mm to 
1.50 mm, at 0.05 mm intervals. Table 3.3 shows the optimum liftoff and conductivity 
for the aluminium plate results following the parameter minimization and compares 
these values with direct measurement. Table 3.4 shows the optimum liftoff and con- 
ductivity results compared with measured values for the copper plate. 
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circling coil set EN24a/b I E-ýý-T12-a-/-b-] 
Inner radius (a, ) 13 mm mm 
Outer radius 
(a2) 19 mm 12 mm 
Length (2b) 20 mm 10 mm 
No. turns(approx) 2930 1250 
Coil A self-inductance 203.8 mH 21.73 mH 
Coil B self-inductance 203.9 mH 22.56 mH 
Coil A resistance 179.4 Q 44.14 Q 
Coil B resistance 178.9 Q 4.5.27 Q 
Table 3-5: Parameters and nominal dimensions of the differential encircling coils, 
EN. 24a/b and EN12a/b. 
Specimen A12a I Al2b A24a I A24b 
Diameter mm 12 24 
Conductivity Sm-1 35.0 1 36.0 38.3 1 43.9 
Encircling coils EN12a/EN12b I E-N-24a/EN24 
Table 3-6: Details of the aluminium bars used in the metal sorting study. 
3.4.5 Metal sorting applications 
The use of pulsed eddy currents to detect small differences in material properties has 
been investigated. One area of interest is with aluminium alloy bars where differences 
in the conductivity of alloys may be considerably less than 1% IACS. 
Two sets of differential encircling coils have been constructed and experiments 
have been carried out for the purpose of detecting small differences in conductivity. 
Coils EN12a and EN12b were designed for use with 12 mrn diameter rods and coils 
EN24a and EN24b were designed for use with 24 mm rods, Table 3.5. An out- 
of-balance signal is obtained by placing identical samples in the two coils. Using 
variable inductors and resistors, the out-of-balance signal is minimized to reduce the 
effects of small differences in the coil parameters. In this way, maximum gain may be 
applied to the differential signal to give good sensitivity. Measurements are made by 
replacing one of the balancing specimens with a sample and recording the resulting 
out-of-balance signal. Two pairs of specimens have been used in the trials, bars A12a, 
A12b, A24a and A24b, Table 3.6. 
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le 
Encircling coil 
Figure 3.8: Use of an encircling coil for relative conductivity measurements on alu- 
minium bars. 
Two sets of results were obtained with each specimen pair. Series A results in- 
volved replacing the balancing sample in coils EN12a and EN24a with the specimen, 
while EN12b and EN24b were used for series B. Results are shown in Figures 3.9, 
3.107 3.11 and 3.12. It can be inferred from these results that it is possible to differ- 
entiate between aluminium samples whose conductivities differ by much less than 1% 
IACS. 
3.5 Summary 
Multifrequency impedance measurements have been made with the Hall-device probe 
HI, the Hall sensor being redundant in the experiments. Measurements are made in 
air and over a thick aluminium plate of known conductivity. The effects of parallel 
capacitance between the coil windings and in the probe lead have been compensated 
for and the impedance change due to an aluminium plate calculated. The Dodd 
and Deeds model has been run and a minimization performed in order to obtain 
effective values for the liftoff and inner radius of the probe. The effective parameters 
compensate for the finite diameter of the wire used in the coil windings. Differences 
between the effective and measured parameters are small and of the order expected. 
Excellent agreement is obtained between the theoretical and measured impedance 
changes when the effective parameters are used in the model. 
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Figure 3.9: Induction measurements on 12 mm diameter aluminium specimens with 
the balancing sample in coil EN12a (Series A). 
0.2 
0.1 
0.0 
-0.1 
0 
> -0.2 
WE 
c Im -0.3 Cl) 
-0.4 
-0.51 0.0 0.1 
Figure 3.10: Induction measurements on 12 mrn diameter aluminium specimens with 
the balancing sample in coil EN12b (Series B). 
63 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Time / msecs. 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Time / msecs. 
/-IL 
Chapter 3 Pulse measurements on homogeneous, thick plates 
0.25 
0.2 
CO) 
0.15 
0.1 
0 0.05 
-M 
0.0 
Cl) 
-0.05 
-0.1 
0.0 
Figure 3.11: Induction measurements on 24 mm diameter aluminium specimens with 
the balancing sample in coil EN24a (Series A). 
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Figure 3.12: Induction measurements on 24 mm diameter aluminium specimens with 
the balancing sample in coil EN24b (Series B). 
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Pulse measurements have been made on thick aluminium and copper plates us- 
ing TRECSCAN 11. The liftoff has been varied by inserting precision plastic shims 
between the probe and the sample. Results are compared with predictions made 
by the pulsed eddy-current, half-space model. Excellent agreement is obtained for 
the aluminium plate and good agreement for the copper plate. Slight discrepancies 
in the copper results are explained by small variations in conductivity caused by 
temperature fluctuations. 
The transient response of a number of aluminium plates, having the same conduc- 
tivity but different thicknesses, has been measured. The transient signals have been 
compared with the half-space theory for aluminium of the same conductivity in order 
to determine the effects of finite plate thickness on the measurements. Results from 
the thickest plate showed no deviation from the predictions. A simple expression has 
been introduced that can be used to determine the arrival time of the echo from the 
bottom surface of the plate, Equation (3.5). The expression assumes a plane incident 
wave with zero rise time and is thus invalid under many circumstances. However, for 
large or encircling type coils, where there is a dominance of low spatial frequencies, 
the expression can often be used as a rule of thumb. 
A model-based inversion scheme has been implemented employing a database of 
transient predictions as a function of the required parameters. Bicubic interpolation is 
used to recover the continuous nature of the model function. A Levenberg- Marquardt 
minimization is used to obtain the required parameters, in this case conductivity and 
liftoff. The scheme is very fast and could form the basis of a measurement instrument. 
Pulsed eddy currents have been used to study small differences in the conductivity 
of aluminium bars, a technique which has applications in metal sorting problems. 
Differential encircling coils are used with identical samples and nulled to give an 
out-of-balance signal. 'A large amount of gain is applied to the out-of-balance signal 
which leads to a high sensitivity to small material variations of a sample in one coil 
compared with that in the other. With the balance arrangement, it is reasonable 
to suppose that samples differing in conductivity by less than 0.1% IACS could be 
sorted, since it has been shown that samples differing in conductivity by 1% IACS 
are easily distinguishable. A practical disadvantage of the arrangement is that it 
requires two matched coils in order to achieve good discrimination. Although this 
arrangement is acceptable in a laboratory prototype, for a commercial version a single 
coil arrangement is preferable. For a single coil system, an option is to generate 
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the balancing signal from a resistor in series with the coil and use passive filters to 
approximate the coil signal. The balance would need to be adjusted to match the 
signal derived from the single active coil containing a reference sample. A simpler 
alternative is to use a 16 bit ADC and subtract the reference digitally. The balanced 
transient can be integrated and offset if necessary to give a DC signal level dependent 
on the difference between sample and reference. 
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4.1 Introduction 
Pulsed eddy currents are well suited to the investigation of layered structure in con- 
ducting materials. Under time-harmonic excitation there will always be an optimum 
frequency depending on the depth of the interface under investigation [53], conversely, 
sensitivity at other depths may be reduced. Some a priori knowledge of the sample 
is therefore required if the sensitivity of time-harmonic systems is to be maximized. 
Pulsed eddy currents, on the other hand, can be considered as consisting of a whole 
spectrum of time-harmonic signals. The problem of selecting an appropriate excita- 
tion frequency does not therefore arise. By using pulsed eddy currents, it is possible 
to perform tasks that are currently carried out by multifrequency testing. There are 
questions of analysis and interpretation of the time-domain signals to be resolved, 
but these are no more difficult than those that arise with AC measurements. 
A pulse-echo analogy may be applied to pulsed eddy currents for one-dimensional 
problems. The reflected signal is, however, a diffused response and can not generally 
be used as a direct measure of the location of a flaw or interface. A classic example 
of a one-dimensional problem arises when corrosion occurs between metal plates or 
lap joints. The detection of corroded regions is a particular problem in aging aircraft 
where corrosive substances will often ingress through fastener holes and spread out 
along the lap joint interface. Much research is being carried out to improve detec- 
tion, characterization and scanning methods[84]. Other one-dimensional problems 
of interest include the study of thin layers and surface treatments. The quality of 
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treatment on case-hardened steel and aluminized nickel samples has been investigated 
using pulsed eddy currents. 
Some controlled experiments on layered conductors have been performed and the 
results compared with theory. Firstly, corrosion at a lap joint interface has been 
simulated using machined aluminium plates. Experiments have been carried out 
using a Hall-device probe due to its superior performance in detecting subsurface 
defects[54]. Comparisons of the Hall signal with theory show excellent agreement. 
Secondly, thin layers have been simulated using precision aluminium foils, again, 
good agreement with theory is obtained. Experiments have been carried out using 
differential probes to improve sensitivity to very thin layers. A simple inversion 
scheme has been implemented for corrosion measurement which works well on the 
controlled experiment samples. 
4.2 Probes 
The two pairs of differential encircling coils, EN24a/b and EN12a/b are used to study 
the case-hardened steel bars. Details of these encircling coils are given in Table 3.5. 
The Hall probe, HI is used in the controlled corrosion experiments. In addition to 
these probes, a differential pair, consisting of coils Nla and N1b, have been designed 
for use with the flat samples. Coils Nla/b have axes that will be normal to the 
surfaces of the samples that they are used with. 
The differential coil pair, NIa and NIb have been constructed and have self- 
inductance and resistance values that agree to within 0.5%. The coils have been 
characterized according to the procedure described in Section 3.3, parameters are 
shown in Table 4.1 and a schematic, showing nominal dimensions, in Figure 4.1. 
4.3 Theory and calculations 
The function T(r,, t), Equation (3-18) contains information relating to sample re- 
flections. For a half-space an analytical solution may be found, Section 3.4.2. For 
stratified conductors an exact solution is not possible due to the complexity of the 
multiple reflection terms. However, the magnetic field may be calculated as a function 
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NI Parameters Nla N16--] 
Height (mm) 2.7 2.7 
Outer diameter (mm) 4.326 2.338 
Inner diameter (mm) 1 1 
Liftoff (mm) 0.1310 0.2963 
Wire material Copper Copper 
Wire gauge (mm) 0.1 0.1 
Layers 15 15 
Turns 311 311 
Self-inductance at 150 kHz (MH) 108.11 107-68 
Resistance (Q) 7.54 7.55 
Resonant frequency 2.5 MHz 2.5 MHz 
Table 4.1: Parameters of the matched air-cored coils NIa and NIb. 
of frequency and the time-domain response recovered by taking the Fourier transform, 
00 h(u))exp(Zwt)dw, 
27r- Coo 
(4.1) 
where h(w) is the frequency-domain solution. In the frequency domain Eq. (3.13) is 
written as[52] 
Hz (z, W) - 
nl(w) oc, [r, (K 
, W) - 
Fref (K) W) ] e, - Kz j (K) dK. (4.2) 
2 
IF, (r, w) and ]F,, f (r, w) are the transverse electric reflection coefficients. r, (r,, w) is 
the reflection coefficient for the reference sample which will generally be an infinite 
plate. IF,, f (K) w) is the reflection coefficient for the layered sample[52]. The time- 
domain magnetic field response is found my numerical evaluation of Eq. (4.1) with 
Eq. (4.2). 
FORTRAN code has been developed' to evaluate numerically Equation (4.2) using 
standard library functions for the numerical integration [8 11. Unlike the half-space 
problem where the inverse Laplace transform is carried out analytically, the response 
for a layered conductor is found using the fast Fourier transform (FFT), Equation 
4.1. Input parameters such as the probe and sample details are specified in a control 
file which is read by the FORTRAN code. The field is first evaluated in the frequency 
"Ransient layer model code has been developed by Dr. J. R. Bowler, University of Surrey, 
Guildford. UK. 
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Figure 4.1: Cross section of the air-cored coils Nla and NIb. 
domain at a number of regularly spaced frequencies. The relationship between the 
frequency and time increments is given by 
Af -I Nf At' 
(4-3) 
where Af is the frequency increment, At the time increment and Nf the total number 
of frequencies. As is normal when performing a FFT, Nf is equal to 2m where m is a 
positive integer. For good resolution in the time domain, Nf is normally set to 1024 
points. The value of At should be chosen such that at a time NfAt the eddy-current 
signal has almost totally decayed to zero. 
As with the half-space experiments it is convenient to subtract some reference sig- 
nal from the measurements so that one is left with a change in the transient response. 
With absolute or Hall-device probes the subtraction of the reference signal is carried 
out in software. The probe must first be placed on the reference sample so that the 
response can be recorded. With differential probes subtraction is carried out con- 
tinuously using analog electronics, the reference sample response being permanently 
monitored by one of the coils. Unlike the half-space model which uses the transient 
response in air as a reference, the layer model uses the response of a finite thickness 
plate. Problems can arise if the conductivity of the reference plate is different to 
that of the upper layer of the measurement sample, this will lead to a rapid change 
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in the response at t=0. To illustrate this rapid response behaviour, consider the 
induced emf in a coil over two plates of different conductivities, Figure 4.2. The long 
term decay time is as expected and the difference between the two signals eventually 
disappears, Figure 4.3. However, at t=0, there is an immediate difference between 
the signals from the two plates. The response at t=0 is dominated by high frequency 
components and is therefore poorly represented by the discretized band of frequencies 
used by the inverse FFT. One recourse is to increase the number of frequencies used 
which effectively increases resolution in the time domain. One disadvantage with 
increasing the number of frequencies is the extra computational burden required to 
evaluate the inverse FFT. It is better to ensure that the surface of the layered con- 
ductor has identical properties to those of the reference plate, however, in practice 
this is not always possible. In addition to modelling difficulties, there are practical 
problems, such as ringing, associated with the rapid response. 
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Figure 4.2: Induced emf when the reference and measurement samples have different 
surface conductivities. A) Over a long time scale signals are as expected. B) Initial 
signals are different for samples of different conductivities. 
The magnetic field is calculated for the corrosion controlled experimental arrange- 
ment, a four layer problem and the surface treatment controlled experimental arrange- 
ment, a three layer problem. In both cases it was possible to obtain reference plates 
with identical material properties to those of the upper layers of the control samples. 
0- 
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71 
/, -III 
Chapter 4 Pulse measurements on layered conductors 
0.15 
C0 
=f 
0 
> 0.10 
E 
0.05 
ID 0.00 
tt-- 
0 
-0.05 L 0 100 200 300 400 
Time / gsecs. 
Figure 4.3: Induced emf when the reference and measurement samples have different 
surface conductivities. The differential emf will have a step at t=0. 
4.4 Corrosion model 
Corrosion at a lap joint interface, such as that which occurs near fasteners, can be 
simulated using aluminium plates with recesses milled into them. Simulation is nec- 
essary to carry out a fully controlled experiment in which all the material parameters 
are known. Experimental results are obtained for the layered aluminium. structures, 
the conductivity of the aluminiurn being 32.1% IACS. The structure used, Figure 4.4 
is considered as four layers. From the bottom of the probe downwards, layer one is 
aluminium, layer two air, layer three aluminium and layer four an infinite air space. 
Any air space between the probe and first layer is treated as probe liftoff rather than 
a fifth layer. Four cases have been simulated in this way; unflawed, material loss 
from the top plate, material loss from the bottom plate and plate separation, Figure 
4.4. In the measurements on layered structures, the transient response of the un- 
flawed sample provides the reference signal and is subtracted from that due to the 
other three arrangements. The magnetic field change due to moving the coil from the 
unflawed sample to each of the layered arrangements is predicted using the model. 
These predictions are compared with experiment showing good agreement, Figure 
4.5. It can be seen clearly from Figure 4.5 that the arrival time of the signal depends 
on the distance of the first interface from the sample surface, however, this effect is a 
diffused pulse reflection and does not provide a direct measure of the position of the 
interface. 
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Figure 4.4: Aluminium plate arrangement used to simulate corrosion in a controlled 
experiment. Clockwise from top left : a) Unflawed lap joint, b) Material loss from 
top plate, c) Plate separation and d) Material loss from bottom plate. 
4.4.1 Layer inversion 
Parametric inversion is performed on the aluminium layered system transients in 
order to obtain layer thicknesses. Conductivity and probe liftoff are known and 
therefore not included in the inversion. As with the half-space scheme, Section 3.4.4, 
a database of predictions is generated in the dimensions of the unknown parameters. 
These parameters are the heights of the two aluminium layers and the height of the 
air gap separating them. The scheme is implemented in two stages, firstly on a coarse 
parameter grid and then a more refined grid. In the coarse search, the heights of each 
layer are taken from 0.5 mm to 7.5 mm in 0.5 mm steps. A refined grid uses layer 
height steps of 0.2 mm to obtain a more accurate estimate of the layer thicknesses, 
Table 4.2. 
Clearly, the good agreement between measured transient field changes and those 
predicted allows the model based inversion to function with some accuracy. Percent- 
age errors in predicted layer thicknesses are shown in Table 4.2 and can be seen to 
be generally around 5% or less. One exception to this is in the prediction of the air 
gap thickness for the bottom depression arrangement. This is somewhat confusing. 
One would expect such a large error in one parameter to be mirrored by another, 
assuming, that is, the error is due to a false minima As the transient signal levels 
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Top depression Actual Inversion estimate 
_Layer 
I Material Thickness / mrn Coarse / mm I Fine / mm Error 
Top Aluminiurn 3.81 4.0 3.9 2.3% 
Middle Air 2.94 3.0 3.1 5.2% 
Bottom 
. 
Aluminium 
. 
6.63 6.0 6.5 2.0% 
Bottom depression Actual Inversion estimate 
_Layer 
I Material Thickness / mm Coarse / mm I Fine / mm Error 
Top Aluminium 6.68 7.0 6.5 2.8% 
Middle Air 2.87 3.5 2.3 24.8% 
Bottom Aluminium 3.81 3.5 3.7 3.0% 
Plate separation Actual Inversion estimate 
- - - - Layer I Material Thickness / mm Coarse /m m ine / mm F F Error 
Top Aluminium 6.68 7.5 6.7 0.3% 
Middle Air 0.84 1.5 0.9 6.7% 
Bottom Aluminium 6.63 6.5 6.3 5.2% 
Table 4.2: Actual and expected layer thicknesses for top and bottom depressions and 
plate separation. 
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Figure 4.5: Transient response of the controlled corrosion sample showing theory and 
experiment. 
drop, errors in the predicted parameters can be expected to grow. This is due partly 
to a reduced signal to noise ratio and also to a relative decrease in the sensitivity 
to parameter changes. Further work must be carried out to quantify the reliability 
of this technique. It is clear that as plate separation increases and the depth of the 
bottom plate depression decreases, the transient signals become hard to distinguish. 
The signal due to the bottom depression will tend to zero as the depression depth be- 
comes tiny, remembering that the reference signal is the response from two unflawed 
plates in contact. The plate separation signal will increase in magnitude as separa- 
tion increases until eddy-current effects due to the bottom plate become negligible. 
The two signals will, at some point, look similar in magnitude and shape, Figure 4.6. 
Some constraints must be placed on the range of thicknesses that the layers may have 
such that it is not possible to have different plate arrangements generating similar 
signals. 
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Figure 4.6: General trend in transient signal magnitudes and shapes. A) Bottom 
plate depression depth decreasing. B) Plate separation increasing. 
4.5 Surface treatments 
The inspection of surface treatments and coatings is of great importance in a wide 
range of industries. Thin coatings and treatments can have a dramatic effect on 
the performance of components such as cam shafts and gears. Reliable inspection of 
such components is vital in order that in-service failure, due to incomplete or insuf- 
ficient treatment, is avoided. Pulsed eddy-current measurements have been used to 
study carburized steel bars, rods and aluminized nickel ingots. Carburizing is a case- 
hardening process applicable to steel. Steel samples are placed in an environment 
containing gaseous carbon, often in the form of carbon monoxide. A reaction occurs 
near the surface of the steel to form iron carbide which, under the right conditions, 
will diffuse further into the steel[85]. Carburizing will take place at temperatures in 
excess of 830'C. Aluminizing is the impregnation of aluminium and its oxide into the 
surface of cast iron, steel or nickel alloys. Aluminized materials will have improved 
oxidation resistance at elevated temperatures. There are a number of techniques avail- 
able for aluminizing including the molten-bath and metal-spraying methods[85]. The 
techniques rely heavily on good sample preparation or the results will be poor. Some 
I 
j 
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samples have been constructed with thin aluminium foils over an aluminium alloy 
substrate to act as control specimens. The control specimens are well characterized 
allowing measurements to be compared with theoretical predictions. 
4.5.1 Control specimens 
Correct experimental procedure is critical for measurements on the control specimens 
since comparisons with theory are to be made. Rapid changes. in the induced emf 
are not accurately predicted by the model. If comparisons are to be made with 
experiment then such features must be minimized. Rapid changes in the differential 
coil emf arise when both the measuring and reference probes are placed on samples 
whose surface layers have dissimilar conductivities. The reference chosen was a plate 
of 99.99% purity aluminium, of thickness 2 mm, above an aluminium alloy substrate. 
Five control specimens, consisting of 99.99% purity aluminium foils on the aluminium 
alloy substrate have been used. The foil thicknesses ranged from between 12.5 Am 
and 0.457 mm, Table 4.3. The plate was of similar conductivity to the foils thus 
minimizing very rapid changes in the differential induced emf. 
Layer depth (mm) 0.0125 0.0600 0.1250 0.2500 0.4570 2.06ý50-] 
Conductivity X 106 SM-1 35.71 
Conductivity % IACS 61.57 
Table 4.3: Aluminium foil details. 
Coils Nla and NIb were used in the controlled experiments and were character- 
ized using the method described in Section 3.3. Due to small differences in probe 
parameters, two sets-of results were obtained, firstly with coil NIa on the reference 
sample and then with coil N1b. The experimental results are adjusted according to 
the calibration procedure discussed in Section 2.6.2 such that the field measurements 
are normalized for unit coil current. Results are shown with predictions in Figures 
4.71 4.87 4.9 and 4.10. The most obvious feature of these graphs is the change of 
signal polarity between the two sets of results. The eddy-current contribution to the 
induced emf will always be of the same polarity regardless of which probe is used for 
the measurements. While the probes have been reversed, their inputs to the sum- 
ming amplifier have not. The summing amplifier has one inverting input and one 
non-inverting input so if the reference and measurement probes are reversed then the 
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polarity of the eddy-current signal will also be reversed. 
The technique appears to be highly sensitive to thin layers, in fact, the magnitude 
of the pulse signals increases with decreasing layer thickness. It can be seen from 
the results that one could expect to make reliable measurements on foils having 
thicknesses below I [Lm. This is due to the fact that the reference sample consists 
of a thick slab of material of similar properties to the layers under investigation. As 
the layers become thinner a greater contribution to the induced emf is due to the 
dissimilar substrate creating a larger out-of-balance signal. The thin aluminium foils 
generate large, narrow peaks while the thicker layers produce small, broad peaks. 
The width and position of the maxima may be interpreted as a blurred pulse-echo 
response. The echo from the back face of a thick foil will be delayed compared with 
that from a thin foil. The pulse-echo analogy is a simplification, the position in time 
of the peak signal can not generally be used as a direct measure of the layer thickness. 
There is a slight difference in the overall magnitude of the signals between the two 
sets of results due to a difference in the probe liftoffs. Magnitude variations have been 
correctly predicted by the model. Overall agreement between theory and experiment 
is very good. 
4.5.2 Carburized steel bars 
A set of carburized steel bars having various case depths have been studied, Table 
4.4. The differential coils, NIa and NIb, have been used for the measurements using a 
current rise time constant of 275 jLsecs. The bars, used as control samples during the 
process of carburizing steel gear teeth, have both hardened and soft surfaces on which 
measurements may be made. A slice has been cut from the bars to leave a wedge 
of material, Figure 4.11. A standard hardness traverse is performed as indicated 
in Figure 4.11 to give a measure of the case depth for each of the samples. The 
unhardened surface of sample SB43 was used as the reference surface. This means 
that one coil was placed on the unhardened surface of sample SB43 and the output 
from this coil subtracted from the signal from the other coil placed on each of the 
hardened specimens in turn. 
The out-of-balance signal was recorded firstly with the measurement coil on an 
unhardened sample surface, secondly on the hardened surface and then finally back on 
the unhardened surface. Multiple measurements were made in each position and aver- 
aged. Measurements from the unhardened surface were subtracted from the hardened 
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Figure 4.7: Transient emf measurements and theoretical predictions for the aluminium 
foil samples using the normal coils, Nla and NIb. Coil Nla was placed on the reference 
sample. 
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Figure 4.8: Transient emf measurements and theoretical predictions for the aluminium 
foil samples using the normal coils, NIa and N1b. Coil NIa was placed on the reference 
sample. 
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Figure 4.9: Transient emf measurements and theoretical predictions for the aluminium 
foil samples using the normal coils, NIa and N1b. Coil NIb was placed on the reference 
sample. 
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Figure 4.10: Transient emf measurements and theoretical predictions for the alu- 
minium foil samples using the normal coils, NIa and NIb. Coil N1b was placed on 
the reference sample. 
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Sample name 1 1 SB18 SB32 SB43 SB47 SB60 
Case depth (0.001 inch) 18 32 43 47 60 
Case depth (mm) 10.457 0.813 1.092 1.194 1.524 
Table 4.4: The case depths of the carburized steel bars. 
surface measurements. 
Signal levels were found to be sensitive to changes in coil liftoff, which meant 
that the hand held probes would not give repeatable signals. The proximity of the 
windings to the bottom of the probes meant the results were sensitive to the amount 
of force applied to the probe, the thin delrin at the base of the probe being easily 
deformed. A lack of thermal insulation between the bottom of the coil and the base of 
the probe led to problems with temperature sensitivity. "Alhen the probe is placed on 
a sample, the temperature of the windings drops leading to a fall in the coil resistance. 
Rather than using hand held probes a suitable experimental jig was developed 
to hold the samples and probes in place. The reference probe was clamped upside 
down such that the reference sample could be placed on the active area, held in 
place by gravity alone. The reference sample and probe were left undisturbed for 
the entire experiment thus minimising liftoff, temperature and force variations. The 
measurement probe was sprung loaded onto the sample to maintain a constant force. 
Two sets of results were taken with samples SB18, SB32, SB47 and SB60 using 
sample SB43 as the reference. The results are normalized to eliminate any remaining 
liftoff contributions to the signal and plotted, Figure 4.12. A clear trend is visible 
from these results. The deeper the case depth, the broader the out-of-balance signal. 
The initial portion (t. < 25 psecs. ) of the signal indicates that as case depth increases 
there is also a change in the properties of the material at the surface of the specimen. 
The width at half height of the pulse signals has been plotted against case depth to 
give an indication of the potential measurement range, Figure 4.13. The spline fit 
is for visual effect and is not intended to imply any functional form, however, the 
gradient increases with increasing case depth indicating improving sensitivity. 
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Figure 4.11: Geometry of the case-hardened steel bars (dimensions in mm). A slice 
has been cut from the bars to reveal untreated substrate material. A hardness traverse 
was performed along the length of the cut as a destructive measure of the case depth. 
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Figure 4.12: Normalized transient response of the case-hardened bars using coils NIa 
and NIb. 
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4.5.3 Carburized steel rods 
Steel rods, 50 mm long and with a diameter of 24 mm, have been hardened and have 
nominal case depths of 0.3,0.5 and 0.8 mm. Measurements of the differential induced 
emf have been made using the differential encircling coils, EN24a and EN24b. An 
untreated sample of the same dimensions and material grade was used as the reference, 
Figures 4.14 and 4.15. Following initial measurements, the samples were ground to 
remove 1.0 mm from the surface in six stages reducing the diameter from 24.0 mm 
to 22.0 mm in the process. For each of the first five stages 0.1 mm was removed 
from the surface until the diameter was 23.0 mm. Then finally a further 0.5 mm 
was ground from the surface in a single stage to obtain a final diameter of 22.0 mm. 
Following each stage the transient signals were recorded yielding the results shown in 
Appendix B. 
Before any grinding was carried out, the response of the case-hardened specimens 
was roughly the same over the first 60 psecs. Evidently the treatment has modi- 
fied the near surface electrical properties, the conductivitv and the permeability, by 
roughly the same amount on all three samples, even though the case depth is different. 
This observation suggests that the point where the signal acquired from the 0.3 mm 
case depth specimen departs from that of the 0.5 mm and 0.8 mm case specimens 
corresponds to the arrival of a diffuse interface echo at the coil. The time taken for 
the appearance of the echo depends on the conductivity and permeability of the case- 
hardened layer. Unfortunately, the electrical material properties of the hardened steel 
are unknown, but if we use the value 20.0 x 10-' Qm for the resistivity of carbon steel 
and estimate the departure point for the 0.3 mm case specimen as 60 psecs., then 
the relative permeability of the surface layer, according to Equation 3.5 will be 106. 
The value for the permeability is as expected for carbon steel although it is known 
that permeability can vary wildly as a function of age, history and surface finish[86]. 
Equation (3.5) has greater validity for an encircling coil where the field will have more 
spatial uniformity than that generated by a normal coil. 
Induction measurements at intermediate stages during the grinding operation 
showed that the given nominal values of the case depth were consistent with the 
eddy-current results. After 1.0 mm of material had been removed from the surface) 
there remained a residual difference between treated and untreated samples, Ap- 
pendix B, showing that even well below the nominal case depth, the condition of the 
underlying material is modified by the hardening process. 
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Figure 4.13: Width at half height (WAHH) of the normalized transient response 
signals (Figure 4.12) as a function of case depth for the hardened steel bars. 
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Figure 4.14: Induction measurements on the 24.0 mm diameter steel rods with the 
reference sample in coil EN24b. 
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Additional results have been obtained for 12 mm diameter and 6 mm diameter 
steel rods, again, having lengths of 50 mm, Figures 4.16 to 4.19. These measurements, 
using the smaller encircling coils, EN12a and EN12b, show the same general trends 
as found with the larger specimens. However there are a few notable exceptions. The 
0.3 mm case sample of 12 mm diameter evidently had surface material properties 
that were not the same as those of the corresponding 0.5 mm and 0.8 mm specimens, 
Figures 4.16 and 4.17. In addition, results for the 6 mm specimens were inconsistent 
with the information provided on the surface treatment. A possible explanation is 
that the 0.5 mrn case sample and the 0.8 mm case sample were incorrectly labelled 
and these labels should in fact be reversed. 
4.5.4 Aluminized nickel ingots 
The process of aluminizing is often carried on nickel alloys for the purpose of im- 
proving oxidation resistance at elevated temperatures [85]. Nickel ingots are used as 
control samples during the aluminizing process. The ingots are placed in the same 
environment as the components to be aluminized. Tests are then carried out on the 
ingots to determine the extent of the treatment. The assumption is made that compo- 
nents in the same environment and with the same properties as the ingots will attain 
the same level of treatment. Three aluminized nickel samples were provided, Table 
4.5, in addition to an untreated specimen. The untreated sample was used for the ref- 
erence signal measurements. The treated samples have been cut to reveal untreated 
substrate material, Figure 4.20. Destructive tests were then carried to determine the 
treatment depths. 
Sample name T ANO AN9 AN17 AN21 
Treatment depth (0.001 inch) n/a 
9 17 21 
T-o T-0- T-o 
- Treatment depth (mm) n/a 0.02286 0.04318 0.05334 
Table 4.5: Depth of treatment on aluminized nickel samples. Sample ANO is un- 
treated. 
Two sets of results were obtained on the aluminized specimens using coils NIa 
and NIb with a current rise time constant of 15 /-tsecs. Coil NIa was in permanent 
contact with the untreated ingot, ANO, to provide the reference signal. To improve 
the differential null, a secondary, software reference was obtained. The secondary 
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Figure 4.15: Induction measurements on the 24.0 mm diameter steel rods with the 
reference sample in coil EN24a. 
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Figure 4.16: Induction measurements on the 12.0 mm diameter steel rods with the 
reference sample in coil EN12b. 
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Figure 4.17: Induction measurements on the 12.0 mm diameter steel rods with the 
reference sample in coil EN12a. 
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Figure 4.18: Induction measurements on the 6.0 mm diameter steel rods with the 
reference sample in coil EN12a. 
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Figure 4.19: Induction measurements on the 6.0 mm diameter steel rods with the 
reference sample in coil EN12b. 
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Figure 4.20: Geometry of the aluminized nickel ingots. Measurements are made on 
the polished surface, A. The sample has been cut to reveal the untreated surface, B. 
Dimensions in min. 
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reference was the differential emf with coil NIb on the untreated surface of one of 
the ingots. The secondary reference signal was stored and then subtracted from 
subsequent measurements. Two sets of results were obtained, with set 1, the untreated 
surface of sample AN21 was used as the secondary reference. With set 2, the untreated 
surfaces of the individual samples were used to obtain the secondary reference signals. 
Multiple measurements were made in each position for averaging purposes. Both sets 
of measurements were carried out twice as a check of repeatability. 
For set 1, Figures 4.21 and 4.22, the signal level for sample AN9, the sample with 
the thinnest treatment depth, is clearly the smallest in magnitude as expected. The 
difference in magnitude between the results for samples AN17 and AN21 is not so 
clear. In the first graph an offset can be seen in the AN17 results. If this offset were 
to be removed then a clear trend between signal level and treatment depth can be 
seen. The same is not true in the second graph where it is hard to see any difference 
between the AN17 and AN21 results. 
As in set 1, the AN9 signal levels for set 2, Figures 4.21 and 4.22, are clearly the 
smallest in magnitude. Again there are problems separating the AN17 and AN21 
results. In Figure 4.24 the AN17 response is actually larger than the AN21. 
The results have been filtered and the baselines adjusted to give a clearer indication 
of the response differences from the three samples, Figure 4.25. A graph of the pulse 
height at 18 I-Lsecs. versus treatment thickness, Figure 4.26, shows how the pulse 
signals could be used to form a treatment thickness measurement system. 
It is not surprising that there were problems interpreting some of the results from 
the aluminized nickel ingots. The differential coil set, Nla and N1b was designed 
primarily for use with the case-hardened steel bars. Ideally, one would have used 
probes having physically smaller coils with a lower self-inductance. This would have 
permitted a faster cur rent rise time constant, more suited to the very thin treatments. 
In fact, the difference between the treatment depths for the AN17 and AN21 sam- 
ples was small compared with their differences with AN9. With this in mind one 
can be confident that under the right conditions, all three samples could be clearly 
distinguished and an estimate of the treatment depth made. 
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Figure 4.21: Experimental results for the aluminized nickel ingots using the untreated 
surface of sample AN21 as the secondary reference (set 1, measurement 1). 
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Figure 4.22: Experimental results for the aluminized nickel ingots using the untreated 
surface of sample AN21 as the secondarly reference (set 1. measurement 2). 
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Figure 4.23: Experimental results for the aluminized nickel ingots using the untreated 
surfaces of each ingot as the secondary reference (set 1, measurement 1). 
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Figure 4.24: Experimental results for the aluminized nickel ingots using the untreated 
surfaces of each ingot as the secondary reference (set 1, measurement 2). 
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Figure 4.25: Probe signals for samples with different aluminized treatment thick- 
nesses. The signals have been filtered and the baselines adjusted. 
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4.6 S ummary 
Results from the controlled corrosion experiments are in good agreement with those 
predicted. A model-based inversion scheme has been implemented by creating a 
database of predictions. The database is created by solving the forward problem 
multiple times while varying layer thicknesses. Experimental results are compared 
with predictions in the database to create an error function. The inversion is complete 
when the error function has been minimized. The model-based inversion scheme is a 
fast and effective way of measuring material loss between two plates. It is possible to 
scale the problem such that corrosion in structures with larger or smaller dimensions 
could be measured. 
Clearly, the controlled experiments with the aluminium foils and subsequent com- 
parisons with theory were very successful. The results are a good indication of the 
potential power of pulsed eddy-current techniques for characterizing thin layers. The 
main reason for their success was in our free choice of a reference sample, i. e. one 
whose surface conductivity was identical to that of the foils. If such a choice had 
been available for the treated samples then we would have undoubtedly have gained 
superior results. In future studies it may be possible to manufacture suitable refer- 
ence samples for this purpose. It would be straight forward to implement an inversion 
scheme to calculate first-layer depth on the results from the controlled experiments. 
The results from the case-hardened steel bars show a clear trend despite the lack 
of an optimal reference. The widths of the pulses vary as case depth with thinner 
layers giving sharper peaks. Unlike the results from the controlled experiments, the 
magnitude of the peaks decreases with decreasing case depth. This could be reversed 
by choosing a more suitable reference sample, ideally, one which is hardened to a 
depth much greater than that normally expected from real samples. Inversion for case 
depth is more complicated than in the controlled corrosion problem mainly because 
the hardness profile at the interface is sinusoidal in form rather than abrupt. Other 
problems involve variations in conductivity and permeability of the substrate and 
surface layers. Changes in surface layer properties can be picked up from the initial 
part of the transient signal. A definite trend in the initial response would seem to 
indicate an increase in surface resistivity as a function of increasing case depth. The 
resistivity increase can be explained by a greater proportion of carbon atoms and 
more extensive lattice disruption due to the increased carburization. 
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The measurements on the hardened steel rods showed that the material proper- 
ties of the case-hardened layer was reasonably consistent even though the depth of 
treatment varied. As a result it is possible to interpret the signals in terms of an echo 
from an interface between the hardened surface material and the substrate. Liftoff 
variation was not found to be a problem with the measurements so the normalization 
approach used for the steel bar measurements was not applied. One problem with the 
rod measurements arises because of the high self-inductance of the large encircling 
coils. A slower-than-optimum time constant must be used to avoid heavy saturation 
of the coil voltage. In future work, more attention should be paid to coil design for 
the carburized rods. 
With the aluminized nickel ingots, sample AN9 clearly shows the weakest response. 
In both sets of results there is little difference between the AN17 and AN21 results. 
The difference in treatment depth between the AN9 sample and AN17 was large 
compared with that between the AN17 and AN21 samples leading to a greater visible 
difference in signal levels. Under optimum conditions with a more suitable reference 
sample one could expect to obtain differences between the three samples sufficient to 
allow inversion for treatment thickness. 
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5.1 Introduction 
In eddy-current N-DE, inspection systems are highly sensitive to surface-breaking 
cracks or slots but subsurface defects can present considerable difficulties to eddy- 
current inspection systems. Surface-breaking fatigue cracks are often shallow which 
means that a high excitation frequency must be used to gain a good probability of 
detection. The eddy-current density decays quickly as a function of distance from the 
specimen surface leading to poor sensitivity to subsurface defects. Multifrequency 
testing could be used with lower frequencies for the subsurface defects, however, the 
sensitivity of induction coils is reduced at lower frequencies. 
With their associated broadband spectrum of frequencies, pulsed eddy-current 
methods can prove to be more convenient than multifrequency testing, the hardware 
for which is generally -complicated and expensive and the results difficult to interpret. 
A Hall-device probe can be used to monitor the perturbed magnetic field and has the 
advantage that the response is largely independent of frequency within its operating 
bandwidth. A pulsed eddy-current system used in conjunction with a Hall-device 
probe is convenient and versatile method for detecting subsurface defects. 
A rectangular subsurface electric discharge machined (EDM) slot was made for 
the purpose of controlled experiments. The plate containing this slot was placed in 
a two-dimensional scanning rig and the major axis of the slot aligned with one of 
the scanning directions. Pulsed eddy-current signals were recorded at a number of 
points along the length of the slot with the probe accurately centred on the major 
95 
oil 
Chapter 5 Pulse measurements on subsurface slots 
axis. An on-line computer was used to control the scanning rig, acquire the pulse 
signals, carry out some simple signal-processing tasks and normalize the magnetic 
field measurements for unit coil current. 
A computer model has been used that calculates the scattered field, due to the 
eddy-current interaction with a subsurface slot, at any point outside the host ma- 
terial. The model assumes the incident field to be that due to a coil with a pulse 
excitation. Experimental measurements of the magnetic field have been compared 
with those predicted by the computer model. It is very important that the experi- 
mental parameters entered into the model are accurate, even small errors will lead to 
poor agreement between theory and experiment. 
5.2 Field predictions 
To simplify the calculation, an ideal slot is assumed in the sense that it has zero 
opening yet acts as a perfect barrier to the flow of electric current[12]. The slot 
will cause a discontinuity in the electric field, the magnetic field, however, remains 
continuous. A Green's function kernel can be defined that depends on the geometry of 
the host conductor and the transient field at the surface of the flaw determined. The 
resulting integral equations are then discretized for numerical evaluation. The analysis 
is very complicated and can only be carried out for simple host geometries. Bowler[65] 
has carried out the analysis for a half-space conductor. Calculations were performed 
using FORTRAN code developed at The University of Surrey. The discretized flaw 
is defined on a regular grid and represented using values between 0 and 100 at each 
grid point. A value of 100 represents a boundary element that is exclusively due to 
the flaw. A value of 0 represents no flaw contribution at that grid point. Values 
between I and 99 are necessary around the perimeter of the flaw which will not 
always lie neatly on the grid. Accuracy will be determined by the dimensions of 
the grid, however, calculations will take longer for larger grids. The defined flaw 
does not include information about the ligament, this is dealt with elsewhere by 
the model and added to the grid automatically. Results are strongly dependent on 
the ligament, the minimum distance between the slot and the plate surface, so it is 
important that this value is accurately measured. Although the model assumes a 
half-space host conductor, in reality however, a plate is used. The plate used in this 
study is approximately 10 min thick. While there are observable differences in the 
pulse response of an unflawed 10 mm aluminium plate and a half-space of the same 
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Probe 
Probe name HI 
Rise time 275 psecs. 
Flaw 
Conductivity 32.4% IACS 
Plate thickness 9.844 mm 
Slot length (b) 9.97 mm 
Slot opening (a) 0.77 mm 
Slot Depth (c) 8.016 mm 
Ligament (Z, ) 1.828 mm 
Table 5.1: Subsurface slot experimental parameters. 
conductivity, Figure 3.5, these differences will be nulled when the reference signal is 
subtracted. The only remaining source of error will be the interaction of the slot with 
the reflected signal from the bottom of the plate and subsequent multiple reflections, 
however, these interactions should be small. 
5.3 Experimental procedure 
Measurements of the transient response of a subsurface slot were made using the 
probe, HI, consisting of an induction coil and a Hall sensor, see Table 2.1 and Figure 
2.2. A current rise-time constant of 275 /, tsecs. was used to excite the pulsed eddy 
currents. A rectangular EDM slot was used that had been positioned centrally in a 
30 cm x 30 cm aluminium plate. Measurements have been made on the slot[73] and 
it was found to have sharp corners and consistent dimensions, Table 5.1. The conduc- 
tivity of the host aluminium plate was 32.4% IACS (1.8792 X 107 
SM-1). Schematic 
diagrams of the host sample and slot are shown in Figures 5.1 and 5.2 where the 
coordinate system and all relevant dimensions are clearly shown. 
The host aluminium plate containing the subsurface slot was placed in a flat, 
two-dimensional scanning rig. A special spring-loaded adaptor was constructed to 
secure the probe, Hl, to the scanning rig gantry and maintain a constant contact 
force with the sample. The scanning rig has a positional resolution of 5 pm in both 
directions and is under the control of the same computer program that performs the 
data acquisition. A software control file is used to specify the required sequence of 
probe movements. A large data file is created which stores the transient response as 
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slot 
Plate surface 
zc 
C 
Figure 5.2: Dimensions of the subsurface slot (left) and a cross section showing the 
distance of the slot below the plate surface or the ligament, Z, (right). Values are 
given in Table 5.1. 
a function of the x-y position of the probe. A mechanical backlash of up to 0.5 mm 
was found to be present in the scanning mechanism. With the careful choice of a 
suitable scanning pattern the effects of the mechanical backlash can be eliminated, 
Figure 5.3. The sample was aligned by hand such that the major axis of the slot 
was roughly parallel with the y-axis of the scanning rig. A reference transient was 
obtained from an unflawed section of the plate away from any edges and clear of 
surface damage. 
5.3.1 Accurate slot alignment 
Before the main slot scan can take place it is necessary to perform some test scans for 
the purpose of alignment. It is desirable to have the major axis of the slot accurately 
aligned with the scan axis of the scanning rig. The aligned axis is arbitrarily chosen 
as the y-axis. A raster scan is performed covering 80 mm in the y-direction and 
40 mm in the x-direction on a1 mm xI mrn grid. Rather than storing the entire 
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3 
4 
D 
Figure 5.3: Diagram showing the probe movements necessary to perform a raster 
scan with no backlash. A) Probe starting position, B) Start of raster scan, C) End 
of raster scan and D) Final probe position. Dimensions of the antibacklash detours 
are typically of the order of I mm. 
transient signal, only the peak magnetic field values are stored. If the slot is correctly 
aligned then there should be symmetry in the x- and y-axes if they are centred on the 
slot signal. Symmetry can be checked mathematically by calculating the direction 
of the principal axes of the slot signal using the Hotelling transform[87]. The steps 
necessary to calculat e the orientation of the slot have been carried out using the 
matrix manipulation package MATLAB and are described below. 
In the first instance it is convenient to represent the peak magnetic field measure- 
ments of the scan as a matrix of size MxN, or in this case 80 x 40. 
- Hil H12 ... 
H, Af - 
Z= 
H21 H22 *,, H2M 
HN, HN2 HNAf 
99 
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The Hotelling transform[87] requires a binary image in order to obtain the direction 
of the principal axes, simple thresholding at 75% is applied to Z in order to obtain 
the binary image matrix. The nonzero elements of the binary image matrix are now 
represented by a set of vectors of the form, 
'Zýk Xk 
Yk 
]I 
The mean vector, m and covariance matrix, C can now be approximated from the 
vector samples. These quantities are given by 
1n 
-EXk 
n k=l 
and 
I 
XT _ rnMT, 
1: Xk 
k (5.2) 
k=l 
where n is the total number of true elements in the original binary image matrix. 
We can now find a set of orthogonal eigenvectors and eigenvalues for C. Thus we 
seek ei and Aj; i=1,2 such that 
Cei = Ajej (5-3) 
and 
eiej = dij, (5.4) 
where 6ij =Oforioj and 6ii = 1. 
The eigenvectors and their corresponding eigenvalues are arranged in descending 
order of magnitude so that A, A2- 
The eigenvectors, el and e2, now correspond to the principal axes of the original 
binary image with el being in the direction of the major axis, Figure 5.4. The angle, 
0 that e2makes with the y-axis is given by 
tan' ex (5-5) 
(ey) 
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y 
e2 e ei 
x 
Figure 5A Example binary image which is incorrectly aligned with the y-axis of the 
scanning rig. Using the Hotelling transform the principal axes of the image can be 
calculated and the angle of misalignment computed. The scalar quantities, e., and ey, 
are the resolved components Of e2- 
where e,, and eYare the scalar components Of e2 in the x- and y-directions respectively, 
Figure 5.4. The x-y coordinate system is rotated through 00 to a new coordinate 
system, x' - y'. In order to check that the orientation procedure has been successful, 
the Hotelling transform is again applied, this time relative to the x' - y' coordinate 
system and the angle 0 again evaluated. Generally some errors will be introduced 
due to the discrete nature of the sampling grid and small asymmetries in the physical 
dimensions of the slot. For this reason we say that the slot orientation is acceptable 
when -I' <0< +1'. 
The slot orientation is calculated and the plate moved by hand in such a way 
as to reduce the angle of misalignment. Another scan is performed and the angle 
of orientation calculated. The whole process is repeated until 0 is acceptably small. 
Figure 5.5 shows a peak magnetic field level raster scan for a correctly orientated slot. 
5.3.2 Scan asymmetries 
The position of the slot can be obtained roughly using the peak magnetic field raster 
scan data. In order to obtain the slot position accurately in the x-direction another 
raster scan is performed, this time with 0.1 mm increments in the x-direction. Only 
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Figure 5.5: Raster scan of the subsurface slot showing peak transient signal levels as 
a function of x-y position. 
10 scan lines in the y-direction are required since the slot x-position is known to a 
reasonable accuracy. Each transient signal is integrated and the results displayed as 
an x-y contour map similar to Figure 5.5. The y-direction scan line with the largest 
integrated signal is chosen to represent the centre of the slot in the x-direction. 
Surprisingly, even after alignment, some asymmetry was found to be present in 
the integrated signal. The asymmetry took the form of a difference in the magnitudes 
of the two characteristic peaks that are associated with the probe passing over either 
end of the slot. At first it was thought that a probe ploughing action was responsible. 
Ploughing can occur when a probe is pushed along a surface from above by a probe 
holder. Due to mechanical slack, the probe axis tilts forward which means the trailing 
edge of the probe lifts from the sample surface. Although the scan was repeated in 
the opposite direction, exactly the same asymmetries were found which suggests that 
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probe ploughing was a small effect and not responsible. 
The probe ploughing investigations tend to suggest that an asymmetry exists in 
the physical dimensions of the slot. The sample was rotated through 180', aligned and 
then forward and reverse scans performed. Again, signals were found to be identical 
to previous results thus eliminating asymmetries in the slot dimensions. 
Finally, rotational asymmetries in the probe were investigated. From an arbitrary 
starting orientation, four scans were performed with the probe being rotated through 
90' each time, Figure 5.6. By comparing the results for the 90' and 270' rotations it 
can be seen that asymmetry exists in both sets of data. Results at 0' and 180' are 
symmetric. There are two possible scenarios that could lead to this kind of result. 
Firstly, there may be a slight radial offset in the position of the Hall device. If the 
Hall device were offset in a direction perpendicular to the major axis of the slot then 
no asymmetry would be expected. The same would be true if the probe were rotated 
through 180', see Figure 5.6 for probe rotations of 0' and 180'. However, if the Hall 
device was offset in the same direction as the major axis of the slot then the results 
would be asymmetric. Furthermore, the asymmetry would reverse if the probe was 
then rotated through 180', see Figure 5.6 for probe rotations of 90' and 270'. The 
other possible cause is an asymmetric incident field caused by a poorly wound coil 
or perhaps due to the bottom surface of the coil being at an angle to the base of the 
probe. The effects would be similar to those expected with a radial Hall device offset. 
The exact cause of the asymmetry has not been identified but the effects have 
been minimized for scans in the y-direction by appropriate probe rotation. Only 
line scans in the y-direction with the probe centred on the slot are to be carried 
out so asymmetry in the x-direction can be ignored. Obviously, there will be some 
effect on the amplitude of the signal. If an offset in the position of the Hall sensor is 
responsible then one can expect the signal levels to be slightly lower than expected. In 
fact, an estimate of this attenuation can be obtained by studying the probe rotation 
results, Figure 5.6. It seems reasonable to assume that the Hall device is offset in the 
opposite direction to scanning for the 90' results and in the same direction for the 270' 
results. By looking at the relative changes in the magnitudes of the peaks for these 
two sets of results it is possible to make a conservative estimate of the attenuation. 
This attenuation effect, calculated to be around 10%, must be noted when comparing 
experimental results with theory. More work needs to be carried out to remedy these 
asymmetries. 
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Figure 5.6: Asymmetries in the experimental line scan results as a function of probe 
rotation. 
5.4 Results 
A line scan was performed in the y-direction along the length of the slot, the position 
of the probe in the x-direction having been predetermined such that the probe was 
centred on the slot. A scan length of 27.5 mm was used with positional increments of 
0.25 mm. The transient signal was recorded at each point along the scan line at time 
intervals of 40 psecs. for 5.5 msecs. A plot of peak magnetic field versus position was 
made, Figure 5.7 in order to determine the centre of the slot in the y-direction. The 
centre of the slot corresponds to the minimum in the graph and occurs at 12.5 mm 
into the scan. The origin of the y-axis was shifted to corresponds with the centre 
of the slot, the same origin used by the model. Predictions made by the model are 
obviously symmetrical about the centre of the slot, however, despite probe rotation 
operations, there is still a slight asymmetry in the experimental results. 
Rather than compare the entire set of experimental results with theory, selected 
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sets are chosen along the length of the scan. The positions of these sets are at 
-12.5 mm, -9-75 mm, -6.5 mm, -3.25 mm, 0 mm, 3.25 mm, 6.5 mm, 9.75 mm and 
13 mm. The model is run at each of these positions, obviously, where symmetry exists 
about the origin the model need only be run once. For example, the predictions at 
3.25 mm will be identical to those at -3-25 mm. 
Results are compared with predictions for the probe at -12.5 mm and -9.75 mm 
in Figure 5.8. The signal is small at -12.5 mm where the slot barely affects the flow 
of eddy currents. A larger signal is obtained at -9.75 mm where the eddy-current 
flow experiences greater disruption. The position of the peak for the -9.75 mm re- 
sults is earlier in time than for the -12.5 mm results. The shift in peak position is 
due to the change in proximity of the slot to the eddy-current probe. Agreement is 
generally good, however, the measured signals decay faster than predicted and the 
peak amplitudes are slightly higher. Predictions are compared with experiment at 
-6.5 mm, -3.25 mm and with the probe over the centre of the slot in Figure 5.9. 
Again the position of the peak can be seen to arrive earlier in time as the probe ap- 
proaches the centre of the slot. The decay in the experimentally measured field for the 
-6.5 mm and -3.25 mm results is faster than predicted however their peak magnitudes 
are as expected. The predicted decay rate with the probe over the centre of the slot 
matches that of the measurements, however, the peak field level is over estimated by 
the model. Comparisons at 3.25 mm and 6.50 mm, Figure 5.10 and 9.75 mm and 
13 mm, Figure 5.11 have features similar to those described in the above discussion 
for the measurements made at negative positions. The amount by which the model 
under estimates the peak signal levels for the 9.75 mm and 13 mm measurements is 
greater than for the -9.75 mm and -12.5 mm measurements. 
5.5 Summary 
A rectangular subsurface slot in an otherwise homogeneous aluminium plate has been 
scanned under pulse excitation with the probe, HI. Raster scans were performed and 
the Hotelling transform used to calculate the orientation of the slot. Minor adjust- 
ments were made to the plate position and the process repeated until an acceptable 
slot orientation was obtained. A one-dimensional scan was then performed, centred 
on and along the major axis of the slot, the magnetic field readings being recorded 
at 0.25 mm intervals. 
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Figure 5.7: Peak transient signal level as a function of probe position along the major 
axis of the slot. These results are used to calculate the centre of the slot so that 
experimental results may be aligned with theoretical predictions. 
A plot of the peak magnetic field change as a function of probe position was used 
to locate the centre of the slot in the direction of scanning. A slight asymmetry in 
the plot of peak magnetic field versus position was observed. On closer investigation 
the asymmetry in the results was found to depend on the rotational orientation of 
the probe with one of two possible causes. Firstly, the base of the coil may not have 
been flat, i. e. it might lie in a different plane to the base of the probe. Secondly, 
the Hall device may have been slightly offset from the coil axis. Further work should 
be carried out to determine the exact cause of the asymmetry in the results so that 
the effects may be compensated for or a new probe constructed more carefully to 
eliminate the problem. 
Results at a number of positions along the length of the slot have been compared 
with predictions made by the computer model. Generally agreement is good, how- 
ever, there are minor systematic errors. Firstly, the decay rate of the measurements 
is generally faster than that of the predictions. It is possible that the 10 mm host 
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Figure 5.8: Theoretical and experimental pulsed eddy-current response approaching 
the centre of the subsurface slot from a distance of -12.5 mm. 
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Figure 5.9: Theoretical and experimental pulsed eddy-current response approaching 
and at the centre of the subsurface slot. 
107 
/-, I], 
Chapter 5 Pulse measurements on subsurface slots 
1250.0 
1000.0 
E 
750.0 
c 
500.0 
. 
(D 
LL 
250.0 
0n 
Centre 
3.25 mm 
6.50 mm 
Theory 
0000 on, 
000 
00 ON 8, 
mom 
0414, 
04010,0414, MON... 
Soo 
sumulms'm 
an um nun a an 
0.0 500.0 1000.0 1500.0 2000.0 2500.0 3000.0 
Time / psecs. 
Figure 5.10: Theoretical and experimental pulsed eddy-current response at and mov- 
ing away from the centre of the subsurface slot. 
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Figure 5.11: Theoretical and experimental pulsed eddy-current response moving away 
from the centre of the subsurface slot to a distance of 13 mm. 
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Figure 5.12: Pulsed eddy-current response due to the subsurface slot shown as a 
function of time and probe position along the major axis of the slot. The magnetic 
field change has been normalized for unit coil current. 
aluminium plate was not thick enough such that it could be accurately represented 
by the half-space model. Future work should address this problem by either using a 
thicker plate or a smaller probe with a faster rise-time constant. Secondly, measure- 
ments at either end of the slot are underestimated by the model whereas those at the 
centre are overestimated. The reasons for these systematic errors are unclear but it is 
likely to be a combination of parameterisation and experimental errors. For example, 
a great deal of care was taken aligning the slot with the scanning axis, however, it is 
possible that this was not enough. Although the slot axis Is probably very close to 
parallel with the scanning axis, it may be offset slightly. The minimum of the graph 
in Figure 5.7 was used to calculate the centre of the slot. The minimum is quite broad 
and when one considers the effects of noise as well it is conceivable that this is not 
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such an accurate measure for the slot centre. An offset of this kind would lead to 
changes in the results as a function of distance from the centre of the slot. Further 
work must be carried out to identify any parameterisation errors, for example, the 
ligament is a critical parameter which also happens to be very difficult to measure. 
A small error here will lead to a large error in the predictions. 
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6.1 Introduction 
A problem with transient eddy-current testing is the limited signal-to-noise ratio 
that can be attained. There is no equivalent synchronous demodulator, as used in 
time-harmonic eddy-current inspection, although signal averaging may be used. The 
synchronous demodulator is a highly effective method of tuning in on a signal of in- 
terest whilst virtually eliminating noise. Described in this thesis are the details of 
measurements made on a number of different samples. With some of these sample: s 
the limits of detectability were almost reached. While a Hall device can be used to 
improve sensitivity, it is not always practical. Clearly, it would be useful to have 
other methods available for improving sensitivity. It is well known in the area of 
time-harmonic inspection that the use of ferrite cores and shields can greatly improve 
performance. Although not used with pulsed eddy currents, the benefits of using fer- 
rite have been briefly examined using AC measurements. Improvements in sensitivity 
due to different configurations of ferrite have been quantified. 
The use of a ferrite shield around a coil restricts the lateral spreading of the 
magnetic field such that it is concentrated in a region close to the coil. A ferrite core 
will also improve sensitivity by further concentrating the magnetic field to an area 
just below the base of the probe. A disadvantage with using ferrite is that the coil 
current must be low in order to avoid magnetic saturation of the ferrite, however, this 
is not normally a problem with eddy-current probes. Another disadvantage is that the 
spatial frequency distribution of the incident field is reduced which will mean that the 
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eddy currents will not penetrate as far into the sample. To help quantify the effects of 
ferrite on eddy-current measurements the impedance change due to a surface-breaking 
slot has been investigated using a probe with various different ferrite configurations. 
The measurements are compared with predictions made using a computer model[88]. 
The experimental details are given here together with the comparison between 
measurements and computer predictions. The computer predictions are based on a 
physical model that describes the magnetic field in a probe, the core magnetisation, 
the induced current in the workpiece and the perturbation of this current when it 
meets a flaw. All the relevant parameters needed to make the predictions must be 
known to a sufficient accuracy to ensure that the input data for the calculations are 
correct. If any of the input parameters are inaccurate, then we cannot expect the 
calculated results to agree with the measurements. Some input parameters are clearly 
more important than others, for example the probe liftoff has a critical effect on the 
signal magnitude but it is not easy to measure its value accurately. However, for a 
probe that can be used as an air-cored coil, the technique described in Section 3.3 
can be used to obtain a precise evaluation of liftoff. The flaw parameters must also 
be known to a reasonable accuracy and this can be achieved by using spark machined 
slots rather than fatigue cracks. 
Most modern eddy-current test equipment shows the response of a probe to a flaw 
on an uncalibrated phase display. The signals from the instrument can be digitised, 
recorded and compared with model predictions but this would only allow a comparison 
of relative values. The test equipment used for inspection is not designed to measure 
absolute probe impedance or the phase of the probe signal with reference to the 
probe current. Therefore, in order to test the model predictions against impedance 
measurements, a Hewlett-Packard impedance analyser was used to acquire the data 
rather than a standard eddy-current test instrument. 
6.2 Impedance predictions 
The interaction between an incident field and a defect in an otherwise homogeneous 
conductor can be treated as a scattering problem. From the scattered field, the probe 
impedance change due to a defect can be evaluated. The change in probe impedance 
due to the defect has been calculated by treating the defect as a secondary source and 
expressing its effect as equivalent to that of a current dipole distribution. An ideal 
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crack is one in which the opening may be neglected, i. e. the opening is much less 
than one skin-depth. Under these circumstances a boundary integral method may be 
used to solve the resulting electromagnetic Equations[12]. If the opening cannot be 
neglected then the more general but more computationally intensive volume integral 
method may be used[89][901. 
Dodd and Deeds[9] have provided the well known solutions for the incident field 
due to air-cored coils. Calculating the field due to ferrite probes is more complicated 
and requires that the magnetization of the ferrite be computed. A computational 
model has been developed by Bowler, Sabbagh and Sabbagh[14] that enables a dis- 
crete form of the volume integral equation, representing the electromagnetic field in 
the coil and ferrite regions, to be solved. 
The core and shield regions are represented by a discrete array of cells. The 
electromagnetic interaction between each of these cells is then found enabling the 
magnetization to be calculated. Careful consideration needs to be given to the core 
discretization. Too many core elements and the number of calculations required for 
a solution will quickly get out of hand leading to an excessive computation time and 
poor convergence. Too few elements and the answer may be inaccurate. To determine 
the effects of discretization on the solution, two arrays containing different cell sizes 
have been used and the results compared. The representation of the field at the slot 
must also be split into a number of discrete cells before the numerical solution may 
be evaluated. The level of discretization of the field at the slot is also varied in the 
playoff between computation time and accuracy. 
6.3 Flaws 
In order that the measurements may be compared with theory the flaws must be 
manufactured to a high standard of accuracy, this is achieved using electric discharge 
machining (EDM) to create accurate slots rather than using fatigue cracks. The 
EDM slot, D1, previously used in time-harmonic benchmark experiments [9 1], has 
been used in these experiments. Slot DI consists of a semi-elliptical, surface-breaking 
slot in a 24 mm thick aluminium plate. The slot is 22.1 mm long, has a maximum 
depth of 8.61 mm and an opening of 0.33 mm, Figure 6.1. At the frequency of the 
measurements, 500 Hz, the skin-depth in the plate, which has a conductivity 38.8% 
IACS, is approximately 4.7 mm. Because the skin depth is considerably smaller 
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than the plate thickness, eddy-current interactions with the lower surface of the plate 
are negligible. This means that the conductor could be represented as a half-space 
without introducing a significant error. 
At an excitation frequency of 500 Hz, the opening of slot D1 is approximately 
0.07 skin-depths wide which means the boundary element method may be used to 
calculate the probe impedance. The volume element method is also used for slot D1 
and the results compared with the boundary element predictions. 
Scan direction 
Probe 
@E@ 
Slot 
Plate 
Figure 6.1: Experimental arrangement for scanning a ferrite eddy-current probe along 
the length of a surface breaking slot. 
6.4 Probes 
Probe F1 was constructed at the University of Surrey and used to make measurements 
on slot DI. The probe consists of a coil, a removable ferrite core and a removable 
ferrite shield. All the dimensions of the coil and ferrite have been recorded as well as 
the number of turns on the coil and the permeability of the ferrite. Experiments have 
been carried out with probe F1 in three different configurations: (1) as an air-cored 
coil with no ferrite, (2) as a ferrite-cored coil with no shield and (3) as a ferrite-cored 
coil with a ferrite shield. 
A general schematic applying to ferrite probes is shown in Figure 6.2. Probe F1 
consists of a coil former carrying 2040 turns of enamelled copper wire. The former is 
hollow to allow for the insertion of ferrite cores. Ferrite beads, normally used for high 
frequency decoupling of power supply lines, can be placed over the coil former to act 
as the shield. The core and shield can be independently removed to provide the three 
probe configurations mentioned earlier. Probe parameters are shown in Table 6.1. 
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Figure 6.2: Cross section of a typical ferrite probe with a core and shield. 
6.5 Experimental procedure 
The sample containing slot DI was secured in a scanning rig with the slot opening 
facing upwards. The probe was attached to the rig gantry using a spring loaded 
adaptor then lowered until it was in contact with the sample and the spring under 
a small amount of extension. The probe support could be adjusted by rotating it 
about a horizontal axis and about a second rotational axis, at right angles to the first 
and approximately normal to the plate. Adjustments were made to ensure that the 
probe lay flat on the sample surface and did not "plough" when moved parallel with 
the sample surface. A cross-hair magnifying sight was attached to the gantry with 
its axis parallel to that of the probe. The sight was used to align the slot accurately 
with the direction of scanning. The probe was then moved at right angles to the 
scanning direction until the impedance reached a maximum value. This ensured that 
the axis of the probe was in the plane of the slot throughout the line scan. Following 
the alignment procedure, the probe impedance at 500 Hz was measured using the 
impedance analyser. Results were obtained at 2 mm intervals over a 74 mm total 
scan along the length of the slot. At the end points of the scan, the slot had a 
negligible effect on the probe impedance. 
Care was taken to ensure the probe and plate were in thermal equilibrium before 
measurements were made. In spite of this precaution a small experimental error arose 
due to the effect of temperature changes on the resistance of the coil windings. A 
gradual change in probe temperature can be clearly seen as a change in coil resistance 
measurements between the start and end of a scan. Coil self-inductance on the other 
hand is largely unaffected by temperature variations. The experimental measurements 
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Parameter F1 
Coil inner radius 3.750 mM 
Coil outer radius 6.252 mm 
Coil length 5.000 mm 
Coil liftoff 0.563 mm 
Number of turns 2040 
Resonate frequency 87-056 kHz 
Core length 14-55 mm 
Core radius 2.95 mm 
Core liftoff 0.00 mm 
Core material Siemens M33 
Core permeability 750 
Shield length 14-55 
Shield inner radius 6.55 
Shield outer radius 13.00 
Shield liftoff 0.00 mm 
Shield material Fair-Rite type 43 
Shield permeability 850 
Table 6.1: Parameters for ferrite probe Fl. 
were adjusted to eliminate the effect on the resistance by assuming that the rate of 
change of temperature and the scanning speed were constant. 
6.6 Results 
The variation of the impedance of probe F1 with position, corrected in accordance 
with the procedure given in Section 3.3, is given in Table 6.2 for the three configu- 
rations of Fl. These results have been compared with two types of slot predictions, 
boundary element and volume element. The boundary element model neglects the 
slot opening and is therefore more suitable for narrow cracks and slots. In contrast, 
the volume element calculations are more suitable for indentations or slots with an 
opening that is of the same order of magnitude as the skin depth. For both types of 
slot calculation an axi-symmetric probe model is used. 
Graphical comparisons of the experimental results with predictions for a boundary 
element slot model are shown in Figures 6.3 and 6.4 for probe F1 in an air-cored 
configuration. Figure 6.3 shows the reactance variation with position and Figure 6.4 
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Air-cored 
no shield 
Ferrite-cored 
no shield 
Ferrite-cored 
ferrite shield 
Position Resistance Reactance Resistance Reactance Resis-tance Reactance 
-36 0.0000 0.0031 0.0000 0.0817- 0.0000 0.4147 
-34 -0.0044 0.0000 0.0239 0.0544 
F 
0.1924 0.0000 
-32 -0.0098 0.0016 -0.0097 0.0358 -0-1538 0.0314 
-30 -0.0162 0.0057 0.0034 0.1090 -0-1322 0.0251 
-28 -0.0136 0.0091 0.0156 0.0496 -0-1126 0.0157 
-26 -0-0090 0.0104 
__0.0237 
1 0.0754 -0.0790 0.0220 
-24 -0-0194 0.0214 0.0699 0.1467 -0.0694 0.0251 
-22 -0-0008 0.0528 0.1140 0.3079 -0.0018 0.0220 
-20 -0.0212 0.1156 0.1191 0.6874 0.1248 0.0974 
-18 -0.0876 0.2648 -0.0677 1.4646 0.1434 0.4367 
-16 -0.2910 0.4898 -0-8896 2.8541 -0.5570 1.5268 
-14 -0.6034 0.7405 -2.5444 4.6759 -2.6634 3.4149 
-12 -0.8768 0.9324 -4.0923 6.1242 -4.8198 4.9606 
-10 -0.9932 0.9905 -4.8221 6.6379 -5.8892 5.5889 
-8 -1.0306 0.9861 -5.0510 6.6517 -6.2596 5.7962 
-6 -1.0990 0.9927 -5.5049 6.8110 -7.2450 6.3994 
-4 -1.2034 1.0330 -6.1137 7.1195 -8.4294 7.2602 
-2 -1.2688 1.0719 -6.5556 7.3853 -9.1048 7.7377 
0 -1.2962 1.0835 -6.6764 7.4597 -9.2622 7.7723 
2 -1.2416 1.0565 -6.4603 7.3180 -8.9866 7.5618 
4 -1.1590 1.0191 -5.9901 7.0133 -8.2040 6.9429 
6 -1.0494 0.9858 -5.4120 6.7975 -7.0034 6.2046 
8 -1.0178 0.9827 -5.0159 6.6614 -6.2858 5.7208 
10 -0.9752 0.9865 -4.7087 6.5776 -5.8492 5.4381 
12 -0.8036 0.8856 -3.7326 5.8116 -4.5036 4.6087 
14 -0.4910 0.6673 -2.0614 4.1780 -2.1810 2.8840 
16 -0.2094 0.4075 -0.5603 2.4171 -0.2884 1.1341 
18 -0.0498 0.2014 0.0839 1.1951 0.1472 0.3424 
20 -0.0042 0.0917 0.1250 0.5507 0.0778 0.1194 
22 0.0064 0.0349 0.0891 0.2523 -0.0086 0.0031 
24 -0.0120 0.0163 0.0393 0.1109 -0.0370 0.0094 
26 -0.0054 0.0053 0.0234 0.0434 -0.0464 0.0283 
28 -0.0068 0.0094 0.0086 0.0160 -0.0678 0.0346 
30 -0.0012 0.0047 -0.0843 0.0248 -0.0742 0.0283 
32 -0.0126 0.0075 -0.1191 0.0013 -0.1126 0.0220 
34 -0.0180 0.0094 -0.0970 0.0000 -0.1200 0.0314 
Table 6.2: Impedance changes as a function of position for a scan along the length of 
the slot (Dl). Results are for the air-cored probe with no shield, ferrite-cored probe 
with no shield and the ferrite-cored probe with a ferrite shield (FI). 
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the resistance variation. A low and high number of elements was used for the core and 
slot discretizations but made little significant difference to the results. Both reactive 
and resistive parts show excellent agreement between predictions and experiment. 
In Figures 6.5 and 6.6 the response of probe F1 with a ferrite core in place is 
compared with experiment. Once again, there is no significant difference between 
results obtained with a low number of core and slot elements compared with those 
obtained with a high number of elements. The agreement in the case of the reactive 
data is very good and for the resistive results it is reasonable. The predictions show 
an underestimate of the magnitude of the resistance change by about 15%. 
T) - Itesults for probe F1 with the ferrite core and shield in place, shown in Figures 
6.7 and 6.8, are also in reasonable agreement. Again there is an underestimate in 
the magnitude of the signal but the shapes of the predicted curves in each case 
show very good agreement with the measurements. This time there are differences 
between the results obtained using a low number of elements compared with those 
using a high number of elements. Unfortunately, while the change in amplitude 
for the results obtained using a high number of elements favours agreement with 
experiment, the opposite is the case with the reactive results. It is thought that this 
anomalous behaviour is due to poor convergence when calculating the magnetization 
of the ferrite. The problem does not arise when just a ferrite core is used as there are 
fewer core elements leading to greater numerical stability. This difficulty and related 
problems are discussed later in Section 6.7. 
Figures 6.9,6.10,6.11 and 6.12 compare experiment and predictions made using 
a volume element model of the slot. Like the boundary element calculations these 
show good agreement. 
6.7 Computational efficiency 
It is possible that a probe contains a large portion of ferrite that is ineffective and 
that only the region in the immediate vicinity of the coil is significantly magnetised. 
More specifically, the core region is discretized in the same way as the shield. If the 
radial extent of the shield region is large compared with that of the core then a large 
number of elements will be needed for the shield in order to maintain an acceptable 
representation of the core. The same problems will occur if the core and shield 
regions are long compared with the length of the coil. In this case a large number 
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Figure 6.3: Boundary element predictions with experimental reactance changes at 
500 Hz for the air-cored probe with no shield (FI) scanned over the surface slot (DI). 
Predictions have been made with a low and high number of elements used to represent 
the core and slot regions. 
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Figure 6A Boundary element predictions with experimental resistance changes at 
500 Hz for the air-cored probe with no shield (FI) scanned over the surface slot (DI). 
Predictions have been made with a low and high number of elements used to represent 
the core and slot regions. 
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Figure 6.5: Boundary element predictions with experimental reactance changes at 
500 Hz for the ferrite-cored probe with no shield (Fl) scanned over the surface slot 
(DI). Predictions have been made with a low and high number of elements used to 
represent the core and slot regions. 
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Figure 6.6: Boundary element predictions with experimental resistance changes at 
500 Hz for the ferrite-cored probe with no shield (FI) scanned over the surface slot 
(DI). Predictions have been made with a low and high number of elements used to 
represent the core and slot regions. 
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Figure 6.7: Boundary element predictions with experimental reactance changes at 
500 Hz for the ferrite-cored probe with a ferrite shield (FI) scanned over the surface 
slot (DI). Predictions have been made with a low and high number of elements used 
to represent the core and slot regions. 
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Figure 6.8: Boundary element predictions with experimental resistance changes at 
500 Hz for the ferrite-cored probe with a ferrite shield (Fl) scanned over the surface 
slot (DI). Predictions have been made with a low and high number of elements used 
to represent the core and slot regions. 
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Figure 6.9: Volume element predictions and experimental reactance changes at 500 Hz 
for the air-cored probe with no shield (FI) scanned over the surface slot (DI). 
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Figure 6.10: Volume element predictions and experimental resistance changes at 
500 Hz for the air-cored probe with no shield (FI) scanned over the surface slot 
(D 1). 
122 
C 11 hapter 6 Improved performance using ferrite probes 
7.75 
6.75 
(0 E 5.75 
m 0 
0 4.75 C» 
3.75 
(D 
2 2.75 
Q (0 
1.75 
0.75 
-n 9r, 
Experiment 
Theory 
-35.0 -25.0 -15.0 -5.0 5.0 15.0 25.0 35.0 
Position / mm 
Figure 6.11: Volume element predictions and experimental reactance changes at 
500 Hz for the ferrite-cored probe with no shield (FI) scanned over the surface slot 
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Figure 6.12: Volume element predictions and experimental resistance changes at 
500 Hz for the ferrite-cored probe with no shield (Fl) scanned over the surface slot 
(DI). 
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of elements will be required along the length of the ferrite in order to maintain an 
accurate representation around the coil region. If all the ferrite, including that which 
does not contribute substantially to the field at the slot, is included in the model 
calculation, then there can be undesirable consequences. The first of these is that 
the calculation takes an unnecessarily long time because even nonessential parts of 
the core and shield are included. Secondly, the increased size of the matrices Can 
lead to convergence problems. A conjugate gradient method[92] is used to solve the 
matrix equations, with large matrices it is possible that the termination criteria is 
never reached, leading to inaccurate results. 
These undesirable results can be avoided by excluding parts of the core that are 
not essential. For example, a tall core element with a coil at one end can be shortened 
with little effect on the field at the surface of the conductor. This is demonstrated in 
Figures 6.13 and 6.14 where the impedance change of a2 mm coil passing over a slot 
has been calculated. Different lengths of ferrite core have been used, the difference in 
magnitude between results for the 25 mm core and the 8 mm core is small. However, 
the difference in the results for the 4 mm and 2 mm cores is relatively large. Clearly, 
the ratio of the core length to the coil length is a critical parameter. For these results, 
having a core length greater than four times the coil length will make little difference 
to the magnitude and shape of the signals. Similarly, a long shield or one with a large 
outer diameter can be approximated as one which is shorter or one with a smaller 
outer diameter. 
At present, reductions in the ferrite dimensions that are entered into the model are 
estimated in a rather ad hoc manner. A general approximation is needed to quantify 
the effects of a reduction in the core and shield dimensions so that calculations may 
be carried out quickly and without loss of accuracy. 
6.8 Summary 
The use of ferrite cores and shields for improving the response of eddy-current probes 
to surface breaking defects has been investigated. It was found that ferrite will sig- 
nificantly increase the impedance change of a coil due to a defect. The sensitivity 
of probe F1 was found to increase by a factor of about five with a ferrite core and 
by about seven with a core and shield. The improved sensitivity is due to the abil- 
ity of the ferrite to concentrate and contain the magnetic field. Further work could 
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be carried out using passive or active shielding methods to further improve lateral 
resolution. In passive shielding the coil and central core is surrounded by a highly 
conductive cylinder, i. e. copper. The resulting magnetic field between the core and 
shield will be tangential to the cylinder walls resulting in further concentration of 
the field under the sensor. A disadvantage with this approach is that the cylinder 
must be long in order to maximize the field concentration. The method of active 
shielding has been studied by Dufour, Placko and Geoffroy[93] . Here, it was shown 
that a magnetic pole or core surrounded by an infinite shield of high conductivity was 
equivalent to a pole surrounded by an annulus of other magnetic poles. The approach 
eliminates the need for a long conducting cylinder. The technique could be applied 
to a probe containing a Hall sensor and should lead to improvements in sensitivity. 
Predictions of the impedance changes of probe F1 due to slot D1 have been made 
using boundary and volume element flaw models. Predictions for air-cored coils gave 
excellent agreement with experiment for both a boundary element model of the slot 
and for a volume element slot model. The boundary element calculations of the 
interaction of a field with a slot are much faster than the volume element calculations 
for the same accuracy and may be used due to the narrow opening of slot DI compared 
with the skin-depth. The ferrite core calculations also show good agreement with 
experiment while the core and shield results are of a reasonable standard. The shape 
of the response for the large scale probe F1 accurately reproduced the shapes of the 
experimental data for both shielded and unshielded probes. 
It was found that reducing values for axial length of the ferrite core and shield 
entered into the model could significantly reduce computation time and minimize 
convergence problems. Reducing the outer radius of the shield had a similar effect. 
Reductions can be made in this way such that the effects on the predictions are 
negligible. The reason for this is that only the ferrite in the immediate vicinity of 
the coil region is significantly magnetized. With large reductions in the dimensions 
of the ferrite it is possible to use fewer but smaller core elements. The end result is a 
faster computation time and a reduced likelyhood of convergence problems. Further 
work should be carrier out to develop an approximation for the amount of material 
that may be safely neglected. 
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Conclusions and future work 
The use of pulsed eddy currents is a relatively novel approach for material character- 
ization and inspection problems although the potential advantages have been known 
about for some time, see Waidelich[21], for example. To date, much of the work 
has been carried out using a rapidly changing voltage across a coil used as both the 
excitation source and detector. There are a number of problems with this approach 
if one requires quantitative and repeatable results. Firstly, the large and rapidly 
changing coil emf makes signal nulling very difficult and the small changes due to 
eddy-current contributions are easily masked. One recourse is to gate out the initial, 
rapidly changing portion of the signal, however, important information will inevitably 
be lost. Secondly, changes in the DC electrical characteristics of the coil will alter the 
induced emf and further complicate nulling. For example, the resistance of the coil 
windings is strongly temperature dependent. Thirdly, the exact form of the excitation 
is complicated and, as mentioned earlier, also a function of the electrical parameters 
of the coil. Exact analytical modelling under these circumstances is impossible. How- 
ever, simplifying assumptions can be made in order to obtain approximate solutions. 
For example, the coil excitation can be approximated as a square-wave voltage or, 
even more simplistically, the incident field as a plane wave. All of these problems 
have been solved by using a current source to drive the coil and by measuring the 
magnetic field directly using a Hall device. The current is accurately controlled and 
takes the form 
I(t) = 10(i - -tl-r). 
Here, the time constant, T, may be varied to alter the spectral distribution of the 
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incident field. The coil current and therefore the field with the probe in air have 
exact and reproducible forms. The main advantage with the use of a Hall device 
as a detector is that the sensor is inherently more sensitive to the signals from deep 
defects. A Hall device measures the magnetic field intensity whereas an induction coil 
measures the rate of change of flux. Information from defects deep within a conductor 
lies predominately at the lower frequency end of the spectrum where the sensitivity of 
an induction coil tails off. This thesis describes the implementation and subsequent 
use of a pulsed eddy-current system utilizing a current source excitation and a Hall 
device for monitoring the perturbed magnetic field. 
A description of the hardware and software elements of the pulsed eddy-current 
system is given in Chapter 2. A previous design has been modified to give full 
keyboard control over all the measurement parameters. These parameters include the 
current rise-time constant and its asymptotic level, pulse repetition rate, sampling 
rate, total number of samples and amplifier gains. Additional circuitry provides 
compatibility with absolute and differential induction probes as well as Hall-device 
probes. Once again, probe type is keyboard selectable. The ability to switch between 
probe types and the ease with which measurement parameters may be altered makes 
for a very versatile instrument. Software has been written to provide a front end 
to the hardware and perform some elementary signal processing operations on the 
transient signals. A probe containing a Hall sensor and a number of differential 
induction probes have been constructed for use with the pulsed eddy-current system. 
Future work should consider replacing the Hall device with some other type of 
magnetic field measuring component. Of some interest are magneto-resistive sensors, 
for example as used by Lebrun[55]. One advantage with magneto-resistive sensors is 
their superior bandwidth of up to 1 MHz. The bandwidth of the Hall device used in 
this work was only 100 kHz. While this presented no problems here it is conceivable 
that when examining very thin layers using a current transient with a fast rise time 
constant the low bandwidth would be a limiting factor. There are two disadvantages 
with magneto-resistive sensors. Firstly, the devices are often sensitive to more than 
one component of the magnetic field, a Hall device is only sensitive to the component 
of the field normal to its surface. This very much complicates the picture as the 
sensors are unable to differentiate between the various components of the field. It 
should be possible, however, to adjust the analytical models to allow for this kind of 
behaviour. Secondly, an external DC field is required in order to bias the device at an 
optimum operating point. The field is applied using fixed magnets which adds extra 
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bulk to the sensor. 
Another area of interest worthy of further work is in the use of sensor arrays 
using Hall devices or other field measuring components. Such a probe could con- 
sist of a single excitation coil and many sensors. Used in conjunction with modern 
computers and data acquisition systems it should be possible to develop high speed 
inspection scanning systems. One possible application has already been identified. In 
the aerospace industry there is a need to detect corrosion between two plates around 
an installed fastener. The plates are often painted, obscuring the fastener and making 
location difficult. It is thought that a single excitation coil having an outer radius 
larger than that of the fastener could be used to generate the pulse field. Two rings of 
sensors could then be used for detection. The inner ring, used for centring the probe 
with respect to the fastener, would have a radius similar to that of the fastener. The 
outer ring of sensors would be used for the corrosion detection. The radius of the 
outer ring should be large enough to minimize the magnetic field contribution due to 
eddy-current interactions with the fastener. The success of these sensor array meth- 
ods will depend on the ability to obtain the devices in very small packages. The Hall 
device used in this work has dimensions of 5 mm x5 mm which would limit the 
separation between the centres of adjacent devices. 
A method for accurately characterizing inductive probes is described in Chapter 3. 
The technique involves multifrequency impedance measurements with the probe over 
a thick conductor such that a half-space approximation is valid. The impedance is 
predicted using a Dodd and Deeds model[9] and parameters updated until a best-fit 
with experiment is obtained. A method is described for compensating for the stray 
capacitance present when performing the experiments. It would be impossible to get 
agreement with theory if this were not carried out. 
The pulse response of some thick copper and aluminium plates has been measured 
at various liftoff values. Comparisons with theory show excellent agreement. Under 
pulse excitation, the approximate time taken for a back surface echo to be observed 
is given for a thin plate. Results obtained from plates of the same material but 
having different thicknesses confirm the validity of this approximation. A parametric 
inversion scheme based on the Levenberg- Marquardt method has been implemented 
for the determination of sample conductivity and probe liftoff. A database of transient 
magnetic field predictions is used for the inversion with bicubic interpolation used to 
create a continuous expression for the magnetic field as a function of conductivity and 
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liftoff. The method works well under laboratory conditions. Further work is needed 
and should include inversion to determine other parameters such as thickness and 
permeability. Once this has been achieved it will be possible to make measurements 
on ferritic samples such as steel for the purpose of grading or for measuring the 
thickness of nonconductive coatings such as paint. The accuracy and stability of the 
technique under nonideal conditions must be assessed. If accuracy and stability can 
be maintained outside laboratory conditions then it is recommended that a prototype 
instrument be constructed for, initially, conductivity and liftoff measurements. The 
simplicity and versatility of such an instrument should make it economically viable. 
Measurements have been made on aluminium bars for the purpose of discrimination. 
Results indicated that samples differing in conductivity by less than 0.1% IACS could 
be reliably sorted. Future work should consider specific industrial applications such 
as metal sorting. Problems with repeatability in an industrial environment should be 
investigated. Such problems can arise for numerous reasons such as dirty or damaged 
samples, high levels of electrical noise or large temperature fluctuations. There are 
special problems associated with ferromagnetic materials whereby large variations in 
surface permeability can be experienced, such effects need also to be investigated. 
In Chapter 4, pulsed eddy-current measurements of layered conductors is dis- 
cussed. A control sample was devised to simulate corrosion between two plates. 
Measurements of the magnetic field were made using the probe containing the Hall 
device and the results compared with theory showing excellent agreement. Minor 
modifications are made to the inversion scheme described in Chapter 3 such that 
layer thicknesses may be obtained directly from the measurements. In reality, cor- 
rosion will rarely be as well defined as in the control specimens and any attempts 
to invert the measurement data from such samples will probably fail. Future work 
should concentrate on new methods for processing the experimental data so that spe- 
cific industrial applications can be tackled. An example of one such application would 
be measuring the extent of corrosion between aluminium lap joints in an airframe. 
A second control problem was devised to simulate surface treatments and was 
aimed at measurements with the differential induction coils. Thin aluminium foils, 
down to 12.5 /Lm, were placed on a thick aluminium alloy substrate. A thick alu- 
miniurn foil, 2 mm, was used as the reference sample. The normalized induced emf 
was compared with theoretical predictions for a number of foils having different thick- 
nesses. The results were found to be in reasonably good agreement. Once again, 
industrial problems are unlikely to resemble the control samples. With samples that 
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have had surface-treatments applied there will generally be a gradient in the mate- 
rial conductivity and permeability (if applicable) as a function of distance from the 
sample surface. Future work should consider modelling this gradual change so that 
industrial surface-treatment problems can be studied in more detail. Much work has 
already been carried out on this subject in the frequency domain [94] [95] [96] 
Measurements have been made on carburized steel gear teeth using normal coils 
and on bars using encircling coils. Results from both sets of results are promising and 
a clear trend can be seen. However, further work needs to be carried out in this area in 
order that a number of unknowns be quantified. In particular, magnetic permeability 
appears to change as a function of surface finish and age[86], the effect this has 
on the measurements must be quantified. The effects that variations in substrate 
conductivity and permeability have on the measurements must also be evaluated. 
Such variations, which arise due to material batch changes, must not be allowed to 
effect the treatment depth measurements. Measurements have also been carried out 
on pack-aluminized nickel samples. It is recommended that further work be carried 
out to optimize the measurement parameters and obtain a larger number of samples. 
No attempts have been made in this thesis to image areas of corrosion or the 
surfaces of treated samples. By using time slices and by studying the centre of mass 
of the pulse signals it is possible to obtain qualitative depth information about a 
defect in a sample from the measurements. Future work could involve the method of 
moments, a centre of mass approach such as that used by Harrison[53], to build up a 
qualitative two-dimensional image of a sample containing corrosion or of one where 
surface-treatment integrity is in doubt. 
In Chapter 5 the pulse response of a rectangular, subsurface slot in an aluminium 
plate has been reported. The otherwise homogeneous plate is accurately aligned in 
a scanning rig by performing multiple raster scans around the slot area in order to 
determine the orientation of the slot. A line scan was then performed along the length 
of the slot, the pulse response being recorded at 0.25 mm intervals. The centre of 
the slot was then located by studying a graph of the peak magnetic field level versus 
probe position, the centre being represented by a local minima in a graph containing 
two peaks. Some asymmetry, in the form of differences in the magnitudes of the two 
peaks, was observed. The asymmetry was found to be dependent on the rotational 
orientation of the probe, in fact, rotating the probe through 180' was found to reverse 
the asymmetry. It is thought that either the base of the probe coil was not flat or the 
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Hall device was offset slightly from the coil axis. If further work is to be undertaken 
and a new Hall-device probe constructed then great care must exercised to ensure 
that the Hall device is centred, the base of the probe is flat and that the windings 
are regular. 
Measurements of the magnetic field at a number of positions along the length of 
the slot have been compared with theoretical predictions. The results are reasonable 
but there appear to be systematic errors. It is possible that these errors are due to 
a combination of a poorly parameterized flaw and model inaccuracies. Further work 
should be carried out to identify the source of these errors. 
Further extensions to this work could involve more complicated flaw geometries or 
even three-dimensional flaws. Subsurface flaws such as those studied by Burrows[11], 
offer another interesting avenue for research. As mentioned in Chapter 5, the reduc- 
tion in sensitivity experienced when making measurements on subsurface flaws could, 
to some extent, be compensated for by using a ferrite core and shield. 
In Chapter 6 the use of ferrite as a core and shield has been studied in an attempt 
to quantify the advantages of its use in either an alternating current or a pulsed 
eddy-current probe. Frequency-domain impedance measurements were made with 
probe F1 scanned along the length of surface-breaking slot D1. The probe was fully 
characterized using the Dodd and Deeds method of Chapter 3. Both the core and the 
shield were independently removable, experiments being carried out with no ferrite, a 
core only and with a core and a shield. Results were compared with model predictions 
and found to be in good agreement. The sensitivity of the probe was found to increase 
by a factor of about five with the core and by about seven with the core and shield. 
Clearly there are big advantages in using ferrite in eddy-current probes although 
it does lead to considerably greater modelling difficulties. The sensitive Hall device 
based pulsed eddy-current system would benefit further from the use of ferrite, leading 
to an even greater ability to detect deep defects. 
The aim of this thesis was to show how existing pulsed eddy-current techniques 
could be improved. It is hoped that these improvements have been to such an extent 
that the techniques can now compete with existing time harmonic and multifrequency 
systems for materials characterization and inspection. It has been shown that by 
accurately controlling the coil current the problems with signal nulling and variations 
in the electrical parameters of the coil have been eliminated. Measuring the magnetic 
field directly using a Hall device has added to the thermal stability of the system and 
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also improved depth resolution. Comparisons with theory for measurements made 
on the half-space and layered systems are generally excellent. Comparisons with the 
theory for the subsurface defect measurements are good. It is hoped that this thesis 
has contributed significantly to eddy-current nondestructive evaluation. It is also 
hoped that further work will be carried out, possibly culminating in the construction 
of a general purpose pulsed eddy-current inspection instrument. 
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Figure A. I: Coil model used to predict axial field in air. 
For a single turn coil of radius a, carrying current, 10, the field, B, at distance d from 
the loop, assuming the loop is in free space, will be[66] 
Bz = 
flolo a2 
2) 3/2 2 (a2+ d 
(A. 1) 
For a coil of rectangular cross section, Figure A. 1, the current density, J, is given by, 
i 
Nlo 
(a2- a, ) (d2- dl)' 
(A. 2) 
where a, is the coil inner radius and a2 the outer. The total length of the coil is 
d2- dj. The number of turns is equal to N. 
The constant, k, is defined such that 
poNlo 
2(a2- a, ) (d2- di) 
(A. 3) 
The magnetic field, B, may be found by integrating over the coil dimensions. Using 
the substitution, z/ = zlr the integration is simplified 
J a2 jd2 r2 
_ dzdr 
a2 d2 /r I 
dz'dr. 
'1,2 
+ Z2) 3/2 (1 + Z12)3/2 ai di 
(r 
Jai Jdi/r 
Hence, 
(A. 4) 
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Bz -k 
ja2 jd2/r 
12)3/2 dzdr, 
11 di/r z 
Bz k 
fa2 d2 d 
dr, r2 
1 
al r2 ýrr2 +d2 + 
ý2 
1- 
a2 
Bz k ýd2 In [r + Vr2+ d221 - di In 
[r 
+ 
ýr2 2 
1] 
1 
al 
Remembering that B= pOH, 
(A. 5) 
22 J2 a2 ++d21 
H, =K d2 In 
2Kd, In a2 
+ Pa2 +d 
(A-6) -2 222 
_a, 
+ ýaj +d 
_a, 
+ ýfaj + d2 2 1_ 
where 
K= 
NIo 
2(a2- a, ) (d2- di) 
(A-7) 
It is now possible to calculate the magnetic field at any position along the axis of 
a coil of known dimensions and with known excitation current. Coil current can 
be measured very accurately leading to an accurate calibration factor, suitable for 
quantitative work, for the Hall device and conditioning electronics. 
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Additional surface treatment 
results 
Additional pulse-induction measurements on the carburized steel rods are given here, 
Figures B-1 to B. 12. The original diameter of the rods was 24 mm which was pro- 
gressively reduced using a centreless grinder. The diameter was reduced in steps of 
0.2 mm up until a diameter of 23 mm was reached. A further I mm was then re- 
moved in one step to leave a final diameter of 22 mm. The final reduction in radius 
was I mm, sufficient to ensure that the rod surfaces should have been identical. 
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4.5. 
4.0. 
3.5. 
3.0. 
4 \\ . 1 Condition prior to grinding 0 > 2.5. soft 
2 0 -------- 0 3 mm case . . 
0.5 mm case 0 1.5. 0.8 mm case 
1.0. 
Sm 
Cn 0 5. . 
0.0. 
-0.5 
-1.01 0.0 0.2 0.4 0.6 0.8 1.0 
Time / msecs. 
Figure B. 1: Induction measurements on steel specimens in coil EN24a. The original 
diameter being 24.0 mm, the data was recorded after reducing the diameter by 0.2 mm 
by grinding. 
0 
0 
Co 
Z 
CF) 
Cl) 
1.0 
0.5. 
0.0. 
-0.5- 
-2.0. 
-2.5. 
-3.0- 
-3.5. 
-4.0.1- 0.0 
t\ #SS"_Z_ 
// 
7, 
I, 
7/ 
/7 
7/ 
\\_/ / 
Condition prior to grinding 
soft 
-------- 0.3 mm case 
0.5 mm case 
0.8 mm case 
0.2 0.4 0.6 0.8 1.0 
Time / msecs. 
Figure B. 2: Induction measurements on steel specimens in coil EN24b. The original 
diameter being 24.0 mm, the data was recorded after reducing the diameter by 0.2 mm 
by grinding. 
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5.0- 
4 0. . 
0 
3.0. Condition prior to grinding 
> soft 
0.3 mm case 
2.0. 0.5 mm case 0 > 0.8 mm case 
. 2) 1.0. 
............................. 
.............. 
CD .......... 
0.0. 
-1.01 
0.0 0.2 0.4 0.6 0.8 1.0 
Time / msecs. 
Figure B. 3: Induction measurements on steel specimens in coil EN24a. The original 
diameter being 24.0 mm, the data was recorded after reducing the diameter by 0.4 mm 
by grinding. 
1.0 
0.5- 
0.0- 
------ ------------------- 
-0.5. 
0 -2.0. 
cc C 2.5- Condition prior to grinding Sn 
ch 
-3.0. 
soft 
-------- 0.3 mm case 
-3.5.0.5 mm case 
0.8 mm case 
-4.0 I 
-4.51 0.0 0.2 0.4 0.6 0.8 1.0 
Time / msecs. 
Figure BA: Induction measurements on steel specimens in coil EN24b. The original 
diameter being 24.0 mm, the data was recorded after reducing the diameter by 0.4 mm 
by grinding. 
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6.0 
5.0. 
4.0. 
Condition prior to grinding 0 > soft 3 0 . -------- 0.3 mm case 
0.5 mm case 
> 2.0. 0.8 mm case 
C 
Fn 1.0. ---- 
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--------- - 
---- 
--- ----------------- 
0.0. 
-1 0 1 . 0.0 0.2 0.4 0.6 0.8 1.0 
Time msecs. 
Figure B. 5: Induction measurements on steel specimens in coil EN24a. The original 
diameter being 24.0 mm, the data was recorded after reducing the diameter by 0.6 mm 
by grinding. 
1.0 
0.0. 
- 
- 
-------------------------- -------------------- - 5ýý ------- 
= 1.0. 
0 
> 
-2.0. 
0 > 
. LM -3.0 
Condition prior to grinding 
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-4.0 0.5 mm case 1 
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-5.01 0.0 0.2 0.4 0.6 0.8 1.0 
Time / msecs. 
Figure B. 6: Induction measurements on steel specimens in coil EN24b. The original 
diameter being 24.0 mm, the data was recorded after reducing the diameter by 0.6 mm 
by grinding. 
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5.0- 
4.0. 
3.0. Condition prior to grinding 7E) 
> soft 
CD 0.3 mm case 
2.0 0.5 mm case 0 > 0.8 mm case -R 
. LM 1.0- Cn ---------------------- 
0.0. 
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Figure B. 7: Induction measurements on steel specimens in coil EN24a. The original 
diameter being 24.0 mm, the data was recorded after reducing the diameter by 0.8 mm 
by grinding. 
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Figure B. 8: Induction measurements on steel specimens in coil EN24b. The original 
diameter being 24.0 mm, the data was recorded after reducing the diameter by 0.8 mm 
by grinding. 
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Figure B. 9: Induction measurements on steel specimens in coil EN24a. The original 
diameter being 24.0 mm, the data was recorded after reducing the diameter by 1.0 mm 
by grinding. 
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0.0- 
------------- 
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Figure B. 10: Induction measurements on steel specimens in coil EN24b. The original 
diameter being 24.0 mm, the data was recorded after reducing the diameter by 1.0 mm 
by grinding. 
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Figure B. 11: Induction measurements on steel specimens in coil EN24a. The original 
diameter being 24.0 mm, the data was recorded after reducing the diameter by 2.0 mm 
by grinding. 
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0 > 0.8 mm case 
4S 1.0 
. 2) 0.5- ------------------------ U) 1 10, 
0.0 
-0.54 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Time / msecs. 
Figure B. 12: Induction measurements on steel specimens in coil EN24b. The original 
diameter being 24.0 mm, the data was recorded after reducing the diameter by 2.0 mm 
by grinding. 
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